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Abstract  
 
Lifescience applications within the transmission electron microscopy field are 
demanding a high resolution camera system for low dose imaging. A CMOS 
detector could provide a higher detector performance than the generally used 
CCD detector, because it can be directly irradiated without any signal spreading. 
 
An investigation has been performed in order to optimize the performance of the 
CMOS detector. The influence of the pixel configuration as well as the thickness of 
the sensor and the thickness of the sensitive epilayer have all been analyzed. 
Measurements and supporting simulations of the two main performance 
parameters, modulation transfer function (MTF) and the detective quantum 
efficiency (DQE), should give insight into the best configuration. However, also a 
study on the radiation hardness and the corresponding lifetime has been done. 
 
An improvement in the DQE of 4 times with respect to the Eagle CCD detector 
has already been reached with a CMOS sensor, consisting of a backthinned sensor 
up to 30 µm with a thick epilayer (15 µm). However, first simulations indicate a 
further improvement can be obtained by the adjustment of the epilayer to 20 µm. 
Furthermore the radiation hardness is very promising already reaching an 
approximate lifetime of 15 years, which could be extended by cooling for 
example. 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 1 

 
Table of contents 
 
1 Introduction ............................................................................. 3 

1.1 Definition of the problem...................................................... 3 
1.2 This research project ........................................................... 4 

2 The interaction of electrons in matter........................................... 6 
2.1 Elastic scattering................................................................. 7 

2.1.1 Single scattering ........................................................... 9 
2.1.2 Plural scattering ............................................................ 9 
2.1.3 Multiple scattering ........................................................10 
2.1.4 Backscattering / back diffusion.......................................11 

2.2 Energy loss .......................................................................11 
2.2.1 Inelastic collisions ........................................................12 
2.2.2 Bremsstrahlung ...........................................................14 

3 Signal processing in a camera system .........................................15 
3.1 Classifications image quality ................................................15 

3.1.1 Contrast......................................................................15 
3.1.2 Noise..........................................................................16 
3.1.3 Resolution ...................................................................17 

3.2 Point spread function ..........................................................18 
3.3 Modulation transfer function ................................................19 
3.4 Conversion efficiency ..........................................................19 
3.5 Noise contributions.............................................................20 

3.5.1 Poisson noise...............................................................21 
3.5.2 Amplicative noise .........................................................21 
3.5.3 Additive noise ..............................................................23 
3.5.4 Noise power spectrum...................................................23 
3.5.5 Normalized Noise power spectrum ..................................23 

3.6 Detective quantum efficiency ...............................................24 
3.7 Radiation hardness .............................................................25 

3.7.1 Surface defects ............................................................26 
3.7.2 Leakage current ...........................................................27 
3.7.3 Recovery.....................................................................27 
3.7.4 Cooling .......................................................................27 

4 Simulations .............................................................................28 
4.1 Simulation package GEANT4 ................................................28 

4.1.1 Elastic scattering..........................................................29 
4.1.2 Inelastic scattering .......................................................29 

4.2 Detector geometry .............................................................29 
4.2.1 The area structure........................................................29 
4.2.2 The pixel structure .......................................................31 

4.3 Comparison simulations to analytical theory...........................32 
4.4 Simulations: optimization of CMOS structure..........................33 

4.4.1 Epilayer thickness ........................................................33 
4.4.2 Backthinning ...............................................................36 

5 Experimental set-up .................................................................39 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 2 

5.1 The transmission electron microscope ...................................39 
5.2 The equipment...................................................................40 

5.2.1 Tecnai Polara...............................................................40 
5.2.2 Detector housing..........................................................40 
5.2.3 The electronics.............................................................41 
5.2.4 Sensor configuration.....................................................42 

5.3 General measurement procedure..........................................44 
5.4 MTF measurement procedure ...............................................45 
5.5 Conversion efficiency measurement procedure .......................46 
5.6 NNPS measurement procedure.............................................46 
5.7 DQE determination procedure ..............................................47 
5.8 Radiation hardness test procedure ........................................47 
5.9 Cooling test procedure ........................................................48 
5.10 Annealing test procedure..................................................48 

6 Results ...................................................................................49 
6.1 MTF..................................................................................49 

6.1.1 Variation of the pixel geometry ......................................49 
6.1.2 Variation of the epilayer thickness ..................................50 
6.1.3 Variation of the substrate thickness ................................51 
6.1.4 Radiation damage ........................................................53 

6.2 Conversion efficiency ..........................................................54 
6.3 NNPS................................................................................55 
6.4 The DQE ...........................................................................56 

6.4.1 Variation of the pixel geometry ......................................56 
6.4.2 Variation of the epilayer thickness ..................................57 
6.4.3 Variation of the substrate thickness ................................58 
6.4.4 Radiation damage ........................................................60 

6.5 Radiation hardness .............................................................61 
6.6 Cooling .............................................................................63 
6.7 Annealing..........................................................................64 

7 Discussion...............................................................................65 
7.1 Measurements ...................................................................65 

7.1.1 Configuration...............................................................65 
7.1.2 Thickness epilayer ........................................................66 
7.1.3 Backthinning ...............................................................66 
7.1.4 Radiation ....................................................................66 

7.2 Simulations .......................................................................67 
7.2.1 Results .......................................................................67 
7.2.2 Comparison .................................................................68 

7.3 Comparison CMOS measurements to CCD..............................69 
7.4 More research areas ...........................................................70 

8 Conclusion ..............................................................................71 
Bibliography ..................................................................................72 
Appendix A....................................................................................74 
Appendix B....................................................................................77 
Appendix C....................................................................................79 
Appendix D ...................................................................................81 
Appendix E....................................................................................88 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 3 

 
 

Chapter 1  

 

 1 Introduction 
 
Lifescience is to be turned out as an important, fast growing research area within 
the electron microscopy field. The lifescience area is studying micro organisms, 
DNA structures and viruses in the nanometer area. These tiny structures are 
easily damaged by the electron beam and the structure information will get lost 
as a consequence. Therefore an electron beam with a low dose of electron 
radiation is needed for lifescience examinations. However, a low dose means a 
signal with a low intensity. The camera system, which detects the incoming 
electrons and converts it to a digital signal, has to process this low dose very 
accurate without adding too much noise. It is obvious that a poor signal to noise 
ratio leads to a poor image quality. The current transmission electron 
microscopes (TEM) are provided with a CCD camera system and often even with 
an ancient analogue photo plate system. A TEM CCD camera converts an image of 
the electron beam into a digital image in several stages. A scintillator, made of a 
fluorescent powder layer, converts the electrons into photons. An optical coupling 
part (optical fiber plates or common lenses) focuses the created photons onto the 
CCD arrays. The photons at their turn are converted into electrical charge again 
and stored in electrical potential wells. The charges in these wells are shifted to 
other potential wells until they reach an external terminal and the read-out 
process is started, where the analogue signal is converted to a digital signal. The 
CCD detector provides a true recording instrument for high quality images. 
However, the analogue photo plate still produces images of a better quality than 
the CCD detector does. The output image of a CCD detector has a low resolution, 
especially if a low dose beam is applied.  
 
 

1.1 Definition of the problem 
 
This low resolution of the final image is an important disadvantage of the 
application of CCD detectors in the lifescience area. A solution needs to be found 
to improve the resolution level for low dose images. A direct detection CMOS 
detector could provide this improvement: no scintillator and optical coupling part 
are needed, which scatter the electrons over several pixels and deteriorate the 
resolution. This high performing detector will almost be equal to the quality of the 
photo plate. The incident electron generates electron hole pairs in the silicon, 
which induces a current in the diode that discharges the capacitor of the CMOS 
pixel. The generation of a large number of electron hole pairs results in a high 
conversion efficiency, a factor 20 higher than the conversion efficiency of CCD 
detectors. The CMOS detector possesses of a fast read out mode due to the 
property that the voltage of each pixel itself can be read out separately, while the 
charge in a CCD detector can only be read out after it is shifted to the last row. 
Furthermore the CMOS sensor possesses a rolling shutter mechanism: one 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 4 

separate row is read out and reset while the other rows are exposed to the 
electron beam. The read out process is accomplished sequentially for each row, 
while a CCD sensor should be unexposed to illumination during the read out 
process.  
 
 
Radiation damage however, limits the lifetime of the CMOS detector. A CMOS 
detector is directly illuminated by the electron beam while at a CCD detector the 
scintillator first deteriorates the intensity before it is irradiated on the sensor. The 
lifetime of the sensor should reach an acceptable value from a commercial point 
of view and is therefore another important parameter for investigation. 
 
 
A CMOS detector has not been developed yet for TEM applications; the ideal 
CMOS sensor still has to be invented. FEI Company joined a collaboration with 
partners to develop a detector with the highest sensitivity and resolution possible. 
This development program contains several research studies, like a study of the 
interaction volume of the electrons with the detector which determines the pixel 
configuration. Furthermore an ideal definition of the pixel structure should be 
investigated: the thickness of the field oxides, the size of the diodes, p-wells and 
n-wells they all need to be optimized. The pixel design will influence both the 
resolution as the radiation hardness. The sensitive part of the sensor that collects 
the electrons, the epilayer, will also have an optimal thickness. The epilayer is 
supported by a certain silicon based substrate where electrons also penetrate. 
Some of these electrons scatter back into the epilayer after making a certain 
trajectory in the substrate. These electrons can cause an intensity in a 
neighboring pixel or even further away than the original point of irradiation. 
Backthinning of the substrate, removing bulk from the backside of the substrate, 
reduces the level of backscattering and improves the resolution performance of 
the detector.  
 
 

1.2 This research project 
 
In this work insight is obtained in the detector performance of the CMOS detector 
and the influence of the several configuration parameters. These parameters 
should be optimized in order to compose the best possible CMOS detector, which 
hopefully performs better than the CCD camera. This has been done by both 
measurements and simulations. 
 
 
Several sensors have been made with 25 different areas of 256 x 256 pixels. The 
25 areas vary in pixel design. The sensors themselves differ in thickness of the 
epilayer and substrate. The sensors are characterized by analyzing certain 
parameters such as modulation transfer function (a contrast transfer function), 
detective quantum efficiency (a quantifying system performance parameter) and 
the radiation hardness. These performance parameters of the CMOS detector 
should give a clear improvement in comparison with the CCD detector in order to 
determine which one is best capable for lifescience examinations. Simulations 
should provide insight into the several processes in the CMOS detector, but also 
helps with the search of an optimal thickness of the epilayer.  
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Understandings of the interactions of electrons with matter are needed for basic 
assumptions as well as for complete descriptions in the simulations. The Bohr-
Bethe-Bloch equation provides information about the energy loss per cm path. 
Molière’s theory predicts the energy distribution in (x, y) surface. The theories 
together provide insight into the resolution parameters. These parameters are 
determined by the saturation of the signal by high spatial frequencies, but also by 
the signal to noise ratios. This report gives an overview of these theories, 
definitions, practical usage, but also about the various measurements and results. 
Finally, on the basis of measurements and simulations, a proposal is discussed for 
the best possible CMOS detector.  
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Chapter 2  

 

2 The interaction of electrons in matter  
 
A physical background of the electron 
processes in the detector system is 
desirable for the understanding and 
explanation of the system’s 
performance.  
 
 
Accelerated electrons penetrate the 
irradiated matter with a high energy. 
They interact with the matter, scatter 
and lose their energy on their way 
through the matter. The electrons are 
stopped and diffusion will take place. 
After all the energy has been lost by the 
creation of several secondary electrons, 
phonons, etcetera. Figure 1 shows a 
schematic representation of this. 
 
 
Interactions with the matter can cause 
excitations, ionizations, x-rays, 
changes in conductivity or lattice 
structure of the crystal and other 
secondary processes. 
 
 
Ionization and excitation processes cause the most significant energy losses of 
the incident electrons and result from interactions with the atomic electrons. The 
created secondary electrons (~ 160 eV, see section 2.2.1) produce the signal; 
numerous electron hole pairs (~ 1 eV). The recombination of electrons and holes 
into phonons leads to a loss of signal. The fluctuations, due to statistical 
processes, in this energy loss process lead to the signal to noise ratios. The signal 
to noise ratio is the base of the detective quantum efficiency parameter. This 
important resolution parameter will be discussed later in this chapter.  
 
 
The electrons are scattered due to Coulomb fields of the positively charged nuclei. 
The deflection for electrons is almost entirely due to elastic collisions with the 
atomic nuclei at high kinetic energies, because the inelastic collisions have a 
small, negligible, scattering angle. The scattering of the electrons lead to another 
resolution parameter, namely the point spread function. The point spread function 
is a response function and describes the electron distribution. The trajectory of an 

Secondary electrons 
~160 eV 

Primary electron beam 
300 keV 

Electron and 
holes ~ 1 eV 

Phonon 
< 0.1 eV 

Figure 1: A schematic overview of the 
energy cascade of high energetic electrons 
in matter. 
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electron is a zigzag path with 
definite distances in the range 
of the mean free path, as is 
shown in figure 2.  
 
 
The theory discussed here is 
mainly focused to the energy 
spectrum of TEM applications in 
the range of 100 keV to 300 
keV.  
 
 
Furthermore some assumptions have been made in several calculations. Data of 
aluminum is used instead of the detector’s actual material, namely silicon, since 
more data is available for aluminum. Aluminum is a good approximation for 
silicon as their atomic numbers are next to each other. A typical thickness d = 20 
μm and an energy of 300 keV have been used within calculations in this chapter, 
because the measurements are done under the same circumstances.  
 
 

2.1 Elastic scattering 
 
Elastic scattering, without energy losses, 
are caused by the heavy positively 
charged nucleus of the atoms. If the 
incident electron approaches the nucleus 
nearby, it would be attracted to the local 
positive charge. The affected electron is 
deflected from its original trajectory as 
can be seen in figure 3, represented by 
trajectory 2 or 3. However an electron 
traveling at a certain distance of the 
nucleus (trajectory 1) will not perceive 
the positive charge and is not affected 
by the nucleus.  
 
 
The differential cross section, the 
effective area for collisions in a solid 
angle dΩ equal to sinθdθdφ with polar 
scattering angle θ and φ the azimuthal 
angle, for an electron and a nucleus is 
given by the screened Rutherford cross 
section:   
 

( )

2 22
0

24

1
1 cos 2

r r Zd
d
σ β

β θ η
−

=
Ω − +

      (1) 

Figure 2: Schematic view of an electron trajectory. 
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With r0 the classical electron radius equal to 2.82 · 10-15 m, Z the atom number 
and β ≡ v/c the relativistic parameter also given by: 

 

2

21 mc
mc E

β = −
+         (2) 

 
With m the electron mass, v the velocity of the electrons, E the kinetic energy of 
the electron equal to ½mv2, and c the speed of light. This parameter β is equal to 
0.78 for electrons with an initial energy of 300 keV, thus in the non-relativistic 
region. The screening parameter η is given by [1]: 
 

( )2
3 22 21/3

2 2

1128 1.13 3.76
9 4

Z Zα β αη
π β β

⎛ ⎞− ⎛ ⎞⎛ ⎞= ⎜ + ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠     (3) 

 
With α = 1/137 the fine structure constant, also defined by: 
 

2

04
e

c
α

πε
=

         (4) 

 
Where e is the electron charge, ε0 the permittivity of vacuum and ħ Planck’s 
constant. A simplified equation for the non-relativistic differential cross section 
can be derived from equation 1: 
 

( )
2 2

0
4

1
2 1r

r Zσ
β η η

=
+

        (5) 

 
This gives a value equal to 7 · 10-20 cm2 for an aluminum layer exposed to a 300 
keV electron beam. A value for the mean free path is given by: 
 

1

R

l
Nσ

=
          (6) 

 
Where N the number of scattering atoms per cm3 given by: 
 

ANN
A
ρ

=
         (7) 

 
Where NA is Avogadro’s number, ρ is the mass density, A is the atomic weight in 
terms of the atomic mass unit. This leads to a mean free path of 2.44 μm for Al 
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(and Si) and a mean number of 
collisions equal to 8.2 for a layer 
thickness of 20 μm. 
Corrections to this differential cross 
section are required for if the 
wavelength of the electrons 
approaches the atom size. Then Mott 
cross sections should be applied, 
described by Mott in 1929 [2]. Figure 
4 shows the ratio of the Mott cross 
section and Rutherford cross section 
for aluminum as a function of the 
scattering angle in degrees for 
several energy regions. The 
Rutherford formula is a good 
approximation in aluminum for 
electrons of energies around 3 keV 
or higher. The Mott cross section 
should be used instead of the 
Rutherford cross section for energies 
lower than 3 keV. For even lower 

energies, below 100 eV the Mott 
description breaks down as Czyzewski 
et al. described [3] and the electrons 
will behave as Bloch waves. However 
we are only interested in energies in 
the range of 100 keV up to 300 keV. 
 
 
There are several classifications of elastic scattering of the electrons, all 
dependent of the thickness of the layer and the mean scattering angle.  
 
 

2.1.1 Single scattering 

 
For very thin layers, where the layer thickness d << l, practically only single 
scattering will take place, which means that almost all the scattered electrons are 
scattered by only one nucleus. The angular distribution for the single scattering 
electrons through an angle θ into the solid angle dΩ is given by: 

 

( ) dW nd
d
σ

Θ = ⋅
Ω         (8) 

 

2.1.2 Plural scattering 
 
Plural scattering becomes of importance for layers where the thickness nearly 
equals the mean free path. It is applicable when the total scattering angle is due 

Figure 4: The ratio of the Mott cross 
section and the Rutherford cross section 
for Al against the scattering angle. 
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to a number of successive single scattering processes. Plural scattering is 
accounted for Molière’s theory, but only as a small correction to multiple 
scattering. No other theoretical or experimental results are available about plural 
scattering. 

 
 

2.1.3 Multiple scattering 
 
Multiple scattering occurs when the thickness of the layer is large enough that the 
mean number of elastic collisions n becomes larger than 20. The angular 
distribution becomes a Gaussian function as long as the mean scattering angle Θm 
is smaller than 20°. An analytical theory about multiple scattering has been 
developed by Molière, which is valid for mean scattering angles Θm < 20°. Molière 
describes the angular distribution of an electron as a Gaussian function with small 
corrections due to the single and plural scattering: 

 

2
1 2

2( )2 2 ...m m m

m m

F F
W d e d

B B
π

⎛ ⎞Θ
−⎜ ⎟

Θ⎝ ⎠

⎡ ⎤⎛ ⎞ ⎛ ⎞Θ Θ
⎢ ⎥⎜ ⎟ ⎜ ⎟Θ Θ ⎛ ⎞ ⎛ ⎞Θ Θ⎝ ⎠ ⎝ ⎠⎢ ⎥Θ Θ Θ = + + + ⎜ ⎟ ⎜ ⎟⎢ ⎥ Θ Θ⎝ ⎠ ⎝ ⎠⎢ ⎥
⎢ ⎥⎣ ⎦   (9) 

 
With the mean angle in degrees and given by: 

 

2 2

2 2

44.8
m

Z B
E mc mc A

mc E mc

σ
Θ =

+
−

+

      (10) 

 
Where σ is the surface density in g/cm2, which is given by:  

 

dσ ρ=          (11) 

 
The functions F1 and F2 and also the correction parameter B, which is dependent 
in the mean number of collisions n, are calculated and tabulated by Molière [4]. 
The correction terms are only of importance at small scattering angles and can be 
neglected for angles larger than approximately 5°. Therefore these corrections 
can be omitted and it is out of the scope of this report to go into details about 
these corrections. The dimensionless parameter B = 2.91 for the estimated mean 
number of collisions n ~ 8 derived in section 2.1 
 
 
The corrections in equation 9 are neglected and a probability equation for the 
spatial distribution can be derived for an electron passing through a foil of 
thickness d and an angle θ into a solid angle dΩ~2πθdθ: 
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2 2

2 2

2 2

1( , ) m

x y
d

m

P x y e
dπ

⎛ ⎞+
−⎜ ⎟⎜ ⎟Θ⎝ ⎠=

Θ        (12) 

This function describes the 
probability that an 
electron will be found at a 
certain position (x,y). 
Equation 10 can be 
applied to calculate the 
mean angle, which gives 
an angle Θm of 14.7°. The 
red dot in Figure 5 
indicates the situation 
relevant to our case and 
shows that Molière’s 
theory can be used, 
although the mean 
number of collisions is 
below 20. However, this 
case is at the edge of the 
of Molière’s theory as is 
indicated in figure 5. 
 
 

2.1.4 Backscattering / back diffusion 
 
Some (primary or secondary) electrons are deflected backwards by single, plural 
or multiple scattering and emerge from the layer on the side of the incident 
beam. The saturation value of the number of backscattered electrons is reached 
at the back-scattered thickness, dr, which is estimated at 220 μm in our case. 
Electrons that have traveled deeper than dr will not be backscattered enough an 
will not contribute to the backscattered signal anymore. These electrons can thus 
further be neglected. There is no analytical theory for backscattering, so 
simulations need to be done to give insight in the effect of backscatters. 
 
 

2.2 Energy loss 
 
The most significant energy losses are due to two processes; excitations and 
ionizations due to inelastic collisions and Bremstrahlung, which are both described 
below. 
 
 
 
 
 

Figure 5: The mean angle as function of energy and 
thickness for gold and aluminum. Molière’s theory is not 
valid across the hatched boundaries at the top and the 
left of the diagram. 
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2.2.1 Inelastic collisions 
 
Several theories about inelastic collisions have been developed during the last 
centuries, from easy understanding to applicable to all areas. The most important 
theories are described in these sections. 
 

Bohr-Bethe-Bloch formula 
A small quantity of the total energy is transferred from the incident electrons to 
the atomic electrons during an inelastic collision. The secondary electrons, which 
are created during excitation, have received a mean kinetic energy of 160 eV as 
will be showed later in this section. The energy losses are therefore very small 
and the total amount of energy loss is a summation of a large number of these 
small energy losses. The mean energy loss in MeV per cm path, dĒ/dx, is given 
by the Bohr-Bethe-Bloch formula [5-6], which holds for β < 0.5: 

 

___
4 2

2 2
0

1.16ln
4 2

dE e NZ mv
dx mv Iπε

⎛ ⎞
− = ⎜ ⎟

⎝ ⎠       (13) 

 
where I s the mean excitation energy of the atomic electrons. Bloch assumed I 
equal to KZ with K some constant, but this is a rough approximation. R.R. Wilson 
[7] measured and calculated I = 150 eV for aluminum. Though Burgers and 
Seltzers derived a more accurate formula for the energy of I in terms of eV, which 
has been widely used: 
 

( )1.199.76 58.8I Z Z−= +
       (14) 

  
Which gives a value of 163 eV for I. The velocity v can be expressed in terms of 
the relativistic parameter β and equation 13 can be rewritten in the following 
equation: 

 

___

2

1.160.306 lndE Z E
dx A I

ρ
β

⎛ ⎞− = ⎜ ⎟
⎝ ⎠       (15) 

 
where ρ is in g/cm3 and the energy loss in MeV/cm. The expression becomes 
more complicated in the relativistic region 

 

___
2 2 2

2 2 2 2 2
2 2 2

( ) 10.153 ln (1 ) (2 1 1 ) ln 2 (1 1 )
2 8

dE Z E E mc
dx A I mc

ρ β β β β β
β

⎡ ⎤+
− = + − − − − + + − −⎢ ⎥

⎣ ⎦
          (16) 
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An extra (polarization) correction Δpol should be applied when the density of the 
material is high and the Coulomb field of the incident electron is reduced due to 
the polarization, according to Halpern et al and Sternheimer [8-9]. However the 
polarization effects for an aluminum substrate can be neglected. Equation 16 
gives only a small correction to equation 15 in the case of 300 keV electrons 
which penetrates an aluminum substrate; dĒ/dx, becomes equal to 4.94 MeV / 
cm according to equation 15, while it is equal to 5.06 MeV / cm according to 
equation 16. Therefore only 10 keV is deposited in a 20 μm Si layer for 300 keV 
electrons, which correspond to approximately 2700 electron hole pairs.  

 
 

The Bohr-Bethe-Bloch (BBB) formula fails at two cases. Firstly, at very low energy 
levels, where the kinetic energy reaches a value lower than I divided by 1.66 and 
the logarithmic term becomes negative. Though, this is not relevant for this work, 
because the electrons lose an energy of only 10 keV in a 20 μm Si layer. 
Furthermore the secondary electrons are not involved and simple excitation 
processes cannot be described. 

 
 

However, theoretical substantiating is given by Ritchie et al [10]. He described 
the Bethe stopping power for aluminum as a summation of theoretical stopping 
powers for conduction electrons, plasmons, and L-shell electron excitations. 
Fitting [11] showed this is in good agreement with experiments in low energy 
ranges up to 800 eV. 

 

Dielectric Function Theory 
Differential cross section can also be derived from optical data via the dielectric 
function theory. This theory contains the extension of the dielectric function to 
non-zero momentum transfer between colliding particles. Optical data is easily 
achievable for a wide range of materials and over a large energy range, which 
makes the theory generally applicable. The dielectric function theory (DFT) is, 
instead of the Bohr-Bethe-Bloch formula, also applicable for the low energy 
ranges as well as the 
high energy ranges, 
according to Shimizu et 
al [12]. The energy loss 
distribution, the 
scattering angle and the 
inelastic mean free path 
can be calculated with 
the differential cross 
sections for electron-
atom interactions. The 
DFT agrees very well 
with the BBB formula for 
energies above 10 keV 
as can be seen in figure 
6. The DFT is used in 
GEANT 4, the simulation 
package, as will be 
described in chapter 4. Figure 6: The stopping powers calculated with the DFT  

(< 104 keV) and the Bohr-Bethe-Bloch (> 104 keV) 
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2.2.2 Bremsstrahlung 
 
Bremsstrahlung is irradiated when an electron is accelerated in the Coulomb field 
of a nucleus and causes a mean energy loss, which is formulated by Heitler [13]: 

 

( ) ( )2 2 2
4

2

2 43.44 10 4ln
3rad

Z E mc E mcdE
dx A mc

ρ
−

⎡ ⎤+ +⎛ ⎞ ⎢ ⎥= × −⎜ ⎟
⎝ ⎠ ⎢ ⎥⎣ ⎦     (17) 

 
The mean energy loss due to bremstrahlung of an aluminum layer which is 
radiated with electrons of 300 keV is equal to 0.0155 MeV/cm. This is only 0.3% 
of the energy loss due to inelastic collisions, so it is negligible. Generally the 
Bremsstrahlung is negliglible at energies below 1 MeV. 
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Chapter 3  

 

3 Signal processing in a camera system 
 
The previous chapter described the interactions of the high energetic electrons in 
matter, or the CMOS sensor in this case. An understanding of the energy loss and 
the scattering of electrons is created by that description. However, also an 
introduction into the signal processing and description of image quality is required 
in the search for the best possible CMOS detector for low dose TEM applications. 
The image quality can be described by three main classifications, specified in 
section 3.1. Furthermore, the parameters, which will be used to describe the 
image classification resolution, will comprehensively be described within this 
chapter. 
 
 

3.1 Classifications image quality 
 
A (CMOS) camera detects a certain input image. The output image is the result of 
a processed version of the input image. The processing of the input image 
determines the quality of the output image. This image quality can be described 
in three different classifications: 
 
 

3.1.1 Contrast 
 
The contrast is described by the difference of the highest and the lowest intensity 
of the signal. A low contrast level means a low difference between the black 
shades (low intensity) and the white shades (high intensity) of the original image. 
The usual definition of the normalized contrast is: 

 

lowhigh

lowhigh

II
II

C
+

−
=

        (18) 

 
Where Ihigh and Ilow stand for 
the high and for the low 
intensity features respectively 
as can be seen in figure 7. An 
example of a low contrast 
transfer of an image is given in 
figure 8, where the left picture 
is the original image.  
 

Ihigh 
Ilow 

x 

I Figure 7: The 
difference in 
intensity level 
at a certain 
point defines 
the contrast 
level. 
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3.1.2 Noise 
 
The signal of the image will always be disturbed by noise on the background due 
to a variance in the electron beam. Furthermore, the used electronics which 
processes and transmits the signal will also add noise to the signal. The noise 
leads to a higher or just a lower intensity than the original value of the input 
image and the consequence is that originally uniform regions are changed into 
non-uniform areas. An example is given in figure 9, again the left picture as 
original image. 

 

 

Figure 8: An example of the effect of poor contrast. The left image is the original image, 
while the right image has a low contrast level. 

Figure 9: An example of the effect of noise. The left image is the original image, while the 
right is distorted by noise. 
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3.1.3 Resolution 
 
Resolution is the ability to reproduce the small 
details of an image. Resolution quantifies how 
close lines can be placed to each other and still 
be visibly resolved. Small features will be 
blurred or cannot be distinguished due to 
resolution limitations as can be seen in figure 
10. Resolution can be expressed in physical 
sizes such as linepairs per mm or in terms of 
the Nyquist factor, equal to 1 linepair per 2 
pixels. A line pair is a pair of adjacent dark and 
light lines.  
 
 
The resolution of the detection system is 
determined by two factors. Firstly, the size of 
the pixels gives a resolution limitation. Features 
smaller than the size of two pixels are not 
distinguishable anymore due to the Nyquist 
criterion [14]. The Nyquist factor equal to 1.0 is 
the maximal sampling frequency.  
 
 
Furthermore, the interaction volume of the incoming electrons in the detector 
volume deteriorates the resolution performance. The electrons are scattered 
through the material, resulting in a distribution of the charge over several pixels. 
The distribution, however, is dependent on the irradiated material and electron 
energy. An example is given in figure 11. 
 

 
The resolution of a camera system is defined or influenced by several parameters 
and described within this chapter. The point spread function (section 3.2), for 
example, is the quantification of the detector’s effect on image resolution. 
However, this is often represented by the modulation transfer function (section 
3.3), which is simply the Fourier transform of the point spread function. Another 

Figure 10: Resolution is a 
generally used measure for the 
representation of small detail. The 
small lines on the right cannot be 
distinguished anymore. 

Figure 11: An example of the effect of resolution limitations. The left image is the original 
image, while the small details in the right image are omitted due to a limited resolution. 
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important parameter is the conversion efficiency (section 3.4), which describes 
the response of the detector. Finally, the noise performance of the detector is 
described by the detective quantum efficiency (section 3.6) and a knowledge 
about the several noise contributions is therefore given in section 3.5.  
 
 

3.2 Point spread function 
 
The point spread function is an impulse-response function and contains 
information about the signal distribution over the detector area with respect to 
the origin. The degree of intensity spreading of the original electron beam is a 
measure for the quality of the detector. In the ideal case, the PSF would be a 
Dirac delta peak. However, the signal will always be spread over a certain area in 
reality and becomes a Gaussian-like shape. This effect is caused by several 
electron interaction processes in the detector, mainly by elastic scattering, which 
is described in the previous chapter. The output image is given by the convolution 
of the input image with the PSF. Related terms are the line spread function (LSF) 
and the edge spread function (ESF), which are the 1D version and the derivative 
of the PSF respectively. Another representation of the PSF is it’s Fourier 
transform, also known as the modulation transfer function, which is described in 
the next section. 
 

 
 
 

Detector’s 
influence 

Input Output 

0

0.5

1

0 5 10 15
- 0 . 0 5

0

0 . 0 5

0 . 1

0 . 15

0 . 2

0 . 2 5

0 . 3

0 . 3 5

0 . 4

0 . 4 5

0 2 4 6 8 10 12 14 16

PSF 

0

0 . 2

0 . 4

0 . 6

0 . 8

1

1. 2

0 2 4 6 8 10

MTF 

FFT 

Figure 12: The input signal is influenced by the detector. The output signal is a convolution 
with the point spread function or multiplied by the modulation transfer function, which is 
the Fourier transform of the point spread function. 
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3.3 Modulation transfer function 
 
The modulation transfer function is the most commonly used parameter to 
describe the effect of the detector on the image resolution. It is a contrast 
transfer function, which represents the response of the detector as a function of 
spatial frequency. The MTF handles the spatial frequencies separately in the 
frequency domain, it is the Fourier transform of the PSF: 
 

∫ +−= dxdyeyxPSFvuMTF vyuxi )(2),(),( π

     (19) 

 
If the PSF is a delta peak in an ideal detector system, the MTF would have a 
constant value equal to 1 for all frequencies. However, in reality the PSF has a 
Gaussian-like shape and the MTF will also have a Gaussian-like shape. It seems 
that the original signal is simply filtered and especially high frequencies (the small 
details) are chopped off. The output image is just a multiplication of the input 
image and the MTF, all in the spatial frequency domain. The MTF (u,v) is an 
isotropic function and can therefore be represented as MTF (f) with f given by 
 

22 vuf +=          (20) 

 
The total MTF of the CMOS sensor is established by the product of two 
independent transfer functions, MTFPE and MTFdiff, generated by the interactions of 
the primary electrons with the detector material and diffusion, respectively. The 
interactions of the incident electrons generate a charge cloud in the detector, 
resulting in MTFPE. This charge cloud however will increase in size by diffusion. 
Diffusion will spread the charge carriers even further, resulting in MTFdiff. 
 
 
The MTF is an important parameter; however the MTF is not the only one that 
determines the quality of an image. The image can in principle be restored 
through deconvolution by a known MTF; so the output image of the detector can 
be corrected for the MTF. However only the frequency components that are being 
transferred can be corrected, the cut frequencies MTF(f)=0 are lost. Another 
parameter is required for performance comparisons of detectors. This is the 
detective quantum efficiency as will be explained in section 3.6. Noise 
performance is included in the detective quantum efficiency, where-as it is not 
included in the MTF.  
 
 

3.4 Conversion efficiency 
 
The conversion efficiency Ce is a measure of the response of the detector system. 
It is the ratio of the detector output (usually in digital units) per primary electron 
and is given by: 
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         (21) 

 
Where e is the electron charge, D the detector output (counts) integrated over 
the exposed detector area, Ib the beam current exposed to the detector and Δt 
the time interval of exposure. A more simple definition is given by: 
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=
out

in
e S

SC
         (22) 

 
Where <Sin>, the mean input signal, is just uniform illumination and not spatial 
frequency dependent, while <Sout> is the mean output signal. 
 
 

3.5 Noise contributions 
  
Noise is added as a background signal to 
the image signal and affects the image 
quality. The signal to noise ratio, SNR, gives 
a description of the influence of the noise to 
the image quality. A signal to noise ratio is 
a measure of the quantity or proportion of 
noise within the signal, it compares the 
level of the desired signal to the level of 
background signal. A low SNR means that it 
is difficult to distinguish the desired signal 
from the present noise. The detector can 
influence the input signal to noise ratio, 
which in general leads to a worse output 
signal to noise ratio. Rose [15-16] found 
that the minimum signal to noise ratio for 
detection of an object with contrast C and 
area A0 is given by: 
 

0ANCSNR qRose =
   (23) 

 
where Nq is the number of quanta in the 
image per unit area. Generally a value of 
5.0 is required for detectability. The more 
quanta are used, the more detail can be 
detected as can be seen in figure 13. The 
total number of quanta NqA0 in an image 
determines the image quality, because it is 
the square of the SNR in Poisson statistics 
(see section 3.5.1). Therefore the signal to 
noise ratio determines the image quality. 

Figure 13: In these photos the image 
quality increases as more quanta is 
used in the image. The image can 
already be recognized (b or c) with a 
low number of quanta, but without 
detail of the images with a high 
number of quanta (e or f). 
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The Rose criterion can also be extended to include the detective quantum 
efficiency (DQE, introduced in section 3.6), because the output image quality is 
equal to the product of the input image quality and the efficiency of the detector 
(in terms of DQE). The Rose criterion becomes equal to:  
 

DQEANCSNR qRose 0=
       (24) 

 
This equation should be used carefully for a spatial frequency dependent DQE: 
the detectability of a specific object is related to the value of the DQE for the 
specific spatial frequencies of the object and not for all spatial frequencies.  
 
 
Noise contributions are thus important for detectability of an object and therefore 
an important parameter for description of the image quality. Several effects cause 
noise, the most important noise sources are described in the next sections.  
 
 

3.5.1 Poisson noise 
 
The most fundamental and unavoidable noise contribution is generated by the 
electron beam itself. This noise contribution is usually known as Poisson noise, 
shot noise or quantum noise. The electron emission is a statistical process with 
variations on it according to the well-known Poisson statistics. This theory states 
that the Poisson noise is the square root of the average number of detected 
electrons N. The signal to noise ratio (SNR) is given by: 
 

N
N

NSNR ==
        (25) 

 
 

3.5.2 Amplicative noise 
 
The detector enhances the Poisson noise from the electron beam by amplicative 
or additive noise Amplicative noise is signal dependent and the result of statistical 
processes in the detector system itself. It can be separated into two categories, 
namely stochastic amplification and stochastic scattering.  
 
 

Stochastic amplification 
 
Stochastic amplification becomes important if the gain of the detector g has a 
variation Δg, which causes an extra noise contribution to the signal as can be 
seen in figure 14. The gain factor and its variation are caused by the statistics on 
the creation of secondary electrons. An incident electron can randomly generate i 
secondary electrons, with i = 0,1,2… and a probability of Px(i), where ∑ Px(i)=1. 
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Both the input signal Sin 
as the variation Nin (due 
to shot noise) are 
amplified by the gain g 
and the amplicative 
noise contribution Δg. 
This results in the final 
signal Sout with a 
variation of Nout. The 
output SNR will have a 
lower value than the 
input SNR. If the 
amplification was 
deterministic (Δg = 0), 
the output noise would 
follow the red lines in 
the figure and the input 
and output SNR would 
be equal to each other. 
The amplification factor 
is composed of detector 
characteristics as 
amplification, collection and detection efficiency. More information about the 
statistics of stochastic amplification and its consequences can be found in Reymer 
or in the article of Cunningham [17-18]. 
 
 

Stochastic scattering 

 
Stochastic scattering is another 
statistical process besides stochastic 
amplification. The electrons are 
randomly scattered through the 
detector, which leads on average to the 
point spread function. However each 
single electron has its own trajectory 
and its intensity distribution is not equal 
to the point spread function. The 
average area illuminated by a single 
electron is substantially smaller than the 
area illuminated by many electrons 
hitting the same spot due to stochastic 
scattering as can be seen in figure 15. 
The figure shows that electron 3 creates 
a sharp spot of signal far from the 
origin, because it is (back)scattered into 
the sensitive layer. However, many 
single electron events together will lead 
to the point spread function. The noise 
as a consequence of stochastic 
scattering is the difference between the 

g 

Sin 

Nin 

Δg 

Nout 

Sout 

Figure 14: The input signal and the associated shot noise is 
amplified due to electron interactions and the generation of 
secondary electrons. This random process causes a 
variation on the amplification, through which the noise in 
the output signal is enlarged. 

Figure 15: Stochastic scattering of the 
electrons take care for several 
trajectories. a) shows a cross section of 
the sample while b) shows the topview 
and the position of the created signal. The 
trajectories of many electrons together 
will lead to the point spread function. 
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intensity distribution of a limited number electrons and the approach to infinity. 
Stochastic scattering leads to the fact that the input noise is not simply filtered by 
the MTF but through another spatial frequency dependent function, the so-called 
noise transfer function, NTF.  
 

3.5.3 Additive noise 
 
The second noise source of the detector system is additive noise due to the 
electronic circuit. It is a summation of read-out noise, dark currents and extra 
noise due to the conversion of an analog signal to a digital signal. These noise 
effects become of importance at low doses and high spatial frequencies and can 
cause a dose dependent normalized noise power spectrum (see section 3.5.5) 
and detective quantum efficiency (see section 3.6). The additive noise effects are 
neglected in this research project, because their contribution is relatively low in 
comparison with the other noise sources that are dominant as will later be 
described.  
 
 

3.5.4 Noise power spectrum 
 
The noise power spectrum, also known as the Wiener spectrum, represents the 
power of noise versus the spatial frequency. The NPS is defined by the Fourier 
transform of the deviation σ of the signal S (x,y) of a uniformly illuminated 
detector and the equation is given by 
 

∫ +−= ),(),(),( )(22 yxdeyxvuNPS uyvxi
out

πσ
     (26) 

 
The NPS (u,v) is an isotropic function and can thus also be represented as NPS 
(f). The NPSout in digital units is divided by the conversion efficiency in order to 
get the same unit as the NPSin, namely primary electrons per pixel, and be able 
to compare them with each other.  
 

2
* )(

)(
C

fNPS
fNPS out
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       (27) 

 
 

3.5.5 Normalized Noise power spectrum 
 
The representation of the normalized noise power spectrum, NNPS, is the result 
of the cascade of statistical processes like amplification and scattering. The NNPS 
is given by the sum of the noise power related to the statistical noise of the 
electron beam, NPSout, and the noise power of the additive (read-out) noise at 
several doses: 
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Additive noise causes a dose dependent NNPS. This dose dependency can be 
avoided by using a high dose in order to make the additive noise contribution 
negligible. The NNPS is than defined by [19]: 
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out
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        (29) 

 
Non-linear response is another cause of a dose dependent NNPS and a correction 
should be applied. The NNPS can be used to compare different cameras with each 
other. However, these comparisons are only an indication, because the MTF is not 
taken into account. Therefore one should calculate and compare the detective 
quantum efficiency. The calculation of the DQE (0) from the NNPS is an important 
advantage of using the NNPS, which will be shown in the next section. 
 
 

3.6 Detective quantum efficiency 
 
The MTF describes the signal transfer for independent spatial frequencies and can 
be used to compare several detector systems. However, noise contributions are 
not involved within the MTF, which makes the comparison not reliable. The NNPS 
describes the noise transfer but does not include the behavior of the MTF. The 
detector performance is best described by the detective quantum efficiency 
(DQE). The DQE is the efficiency with which the input quanta are used in the 
output. The calculation of the DQE is based on the input and output SNR. The 
DQE should not be confused with the generally known quantum efficiency (QE). 
The QE is the detection efficiency, meaning the probabilty with which a quantum 
is detected. The probabilty distribution for detection typically is a binominal 
distribution. A photon, for example, penetrating into a CCD detector can either 
generate an electron in the pixel or not. The calculation of the QE is can also be 
based on the input and output SNR, however it can also be based on event 
discrimination techniques. 
 
 
However, an electron penetrating a CMOS detector can randomly generate i 
=0,1,2… secondary electrons. The probability distribution for detection in the 
CMOS detector is a Poisson-like distribution. The DQE is the measure for what 
fraction of each incident quantum takes part in the image quantity, the QE is a 
measure for the fraction of incident quanta that are detected and take part in the 
image quality. A generally used definition of DQE is given by the ratio of the 
squared SNR on the output and input of the camera system: 
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which can be extended to be spatial frequency dependent as has been proved by 
Ruijter [19], 
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out
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      (31) 

 
This equation can be further simplified using the isotropic property and equation 
29: 
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       (32) 

 
This is a generally used equation. The effect of additive noise can also been 
expressed into the DQE: 
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where the last term in the denominator is the effect of additive noise. The 
equation shows that the effect of additive noise is becoming negligible for high 
doses in relation to the other stochastic term. 
 
 
The DQE at zero spatial frequency is of special interest. A spatial frequency of 
zero is equal to a very large sampling distance. This can be imagined by taking 
such a pixelsize that the pixel collects the total input signal. The noise effect of 
stochastic spreading can be neglected, because the spreading is within this one 
pixel and does not have any effect on signal to noise ratio. However, the effect of 
stochastic amplification still remains. The detector system maintains a variation 
within the amplification and therefore in the signal to noise ratio and DQE. The 
determination of DQE (0) is therefore a determination of the level of stochastic 
amplification. The DQE (0) can be calculated by simply taking the inverse of NNPS 
(0), because MTF (0) is equal to 1. 
 
 

3.7 Radiation hardness 
 
The major disadvantage of the proposed CMOS detector is the limited lifetime. 
The lifetime is limited by the radiation damage of the sensor. The sensor is 
damaged due to exposure to the electron beam. The level of damage depends on 
the total accumulated electron dose. There is a total accumulated dose above 
which the extent of the damage has become too high and the sensor will not be 
usable anymore. This limit is the radiation hardness of the sensor. The detector is 
integrated with the read out electronics on the same substrate in the applied 
setup. Therefore the effect of radiation should be considered on both of the 
devices [20]. 
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3.7.1 Surface defects 
 
The sensors have a tight range of voltages 
up to only a few V and together with the 
resistivity of the epilayer they allow only a 
small depletion region. The depletion 
region is the region where the electrical 
field exists and is only 1 to 2 μm around 
the diode, so there is almost no depletion 
in the substrate. Charge collection is 
determined by diffusion and the lifetime of 
the minority carriers. Exposure of the 
sensor to radiation causes locally surface 
defects in the crystal structure. The 
impact of the defect depend on the mass, 
charge and energy of the incident 
particles. In TEM applications we are only 
interested in electrons. An incident 
electron collides with an atom, which will 
be displaced to an interstitial position as a 
consequence of the collision and creates 
an interstitial-vacancy pair. This defect 
process is known as the Frenkel defect 
and is shown in figure 16. The displaced 
atom may also displace other atoms if it 
has enough energy.  
 
 
The defects reduce the charge mobility μ and the mean lifetime of the charge 
carrier τ for which a carrier is free to move. The mobility lifetime product μτ 
reduces and as a consequence also the trapping length μτε, where ε is the electric 
field. The trapping length defines the distance that the charge carrier can travel 
within its lifetime. Normally the trapping losses are negligible in silicon detectors, 
because of the relatively long life times. However the charge carriers are trapped 
faster due to surface defects and the lifetime is shortened. Trapped carriers are 
released subsequently, but they may be too late to contribute to the signal due to 
the short recording time of the detector. Imperfections in the crystal lattice will 
also lead to recombination losses, which is also dependent of the electrical field. 
Thus the surface defects may act as trapping centers for electrons and holes, but 
may also create new donor or acceptor states. These effects together change the 
detector’s performance in charge collection, read-out noise and the energy 
resolution and will finally result in a totally damaged sensor. A polysilicon ring has 
been attached around the diode at the surface in order to control and even 
minimize the surface current. This adjustment should minimize the surface 
defects, which is an important factor in the radiation hardness.  
 
 

Figure 16: Radiation can lead to 
damage effects like the Frenkel defect. 
A Frenkel defect consists of a 
dislocation of an atom which creates an 
interstitial vacancy pair. 
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3.7.2 Leakage current 
 
The diode in reverse bias mode is short-circuited without any illumination. 
Illumination causes a read-out current and the voltage over the diode drops to 
zero and determines the maximum read-out time. The read-out time should be 
shorter than the time it takes to discharge the diode. Even without any exposure 
a small dark current will be created due to leakage. The voltage decreases faster 
to zero (without any exposure) and the read-out time will decrease. Finally the 
voltage will drop in such a small time interval that no signal can be read out 
anymore and the sensor is totally damaged. This damage effect is shown in figure 
1; the dark current will increase and the read-out time should be decreased 
indicated by the red lines.  

 
 
 
 

3.7.3 Recovery 
 
However a totally damaged sensor may still be recovered. Recovering of the 
defects can be obtained by baking the sensor for a certain time [21]. Bogaerts et 
al have also determined the influence of annealing on the dark current. [22-23] 
However no exact study to annealing has been performed within this project.  
 
 

3.7.4 Cooling 
 
A damaged sensor can even perform better by cooling the sensor, since the 
Frenkel defects and the recombination effects are temperature dependent [21]. 
Furthermore the dark current (mainly leakage current) is temperature dependent 
and is given by [24]:  
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        (34) 

 
Where T is given in Kelvin, Eg is the energy bandgap equal to 1.1 eV for silicon 
and kB is the Boltzmann factor.  

Figure 17: The voltage of the diode 
decreases due to a read-out current or 
dark current. The read-out process 
should be completed before the voltage 
becomes zero. The dark current 
increases through damage effects and 
decreased the possible read-out time. 
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Chapter 4  

 

4 Simulations 
 
Simulations have been done to calculate performance parameters such as DQE 
and MTF for several detector geometries. The optimal design of a pixel itself can 
be analyzed by several measurements on one sensor which is divided in several 
areas, each of them with their own pixeldesign. However, varying the thickness of 
the epilayer or the level of backthinning, should be done on independent sensors. 
Thus a large amount of sensors is needed to find the optimal structure of the 
sensor. Therefore sensors have been developed with two different epilayer 
thicknesses and three levels of backthinning to understand the effect of these 
adjustments. Further simulations (section 4.4) should give more insight into the 
optimal thickness of the epilayer as well as the effect of backthinning of the 
substrate on the performance parameters. A check of the simulation code can be 
done by a comparison to the analytic theory (section 4.3) as described in the 
chapter 1. This theory has created a background of the physical processes and 
helps to understand the simulation results. Though first, the used simulation 
package is introduced. 
 
 

4.1 Simulation package GEANT4 
 
The use of a simulation program which can track high energetic electrons (300 
keV) in matter is required. In addition it should be possible to adjust the 
thicknesses of both the substrate and the epilayer of the detector. Monte Carlo 
simulations of electron interactions with matter have been performed by a 
simulation model built on the Geant4 platform developed by Kieft and Bosch [25]. 
A variety of detector geometries can be defined within this simulation program by 
adjusting the shape and thickness of the sample. Furthermore the program is 
able to track electrons down to energies as low as 50 eV. The main application of 
the program is within the scanning electron microscope (SEM) world, where 
energies are applied from a few eV up to 30 keV. However, TEM simulations are 
applied at an energy between 120 to 300 keV. Therefore the program should be 
verified to the basic theory of Molière to ensure the program can be applied in 
these high energy ranges as required for our simulations. The simulation program 
treats three basic types of physical processes: elastic scattering, inelastic 
scattering and boundary crossing. The last process describes interactions near 
interfaces of two materials. In principle the CMOS sensor consists of three layers 
of silicon-based material; a very thin toplayer, which would contain electronic 
parts, a sensitive layer that collects the electrons and a substrate part. For high 
energy electron scattering the material can be considered identical. Therefore 
boundary crossing can be neglected in these simulations; there is no transition to 
another material. 
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4.1.1 Elastic scattering 
 
Mott cross sections have been applied for elastic scattering at energies larger 
than 100 eV. The data provided by Czyzewki et al [3] have been used. Mott cross 
sections are especially valuable in low energy ranges (< 3 keV) as a correction to 
the Rutherford cross sections. Mott cross sections and Rutherford cross sections 
are comparable for energies higher than 3 keV. Elastic scattering on acoustic 
phonons is the basics of the theory for elastic scattering in semiconductors at 
energies below 100 eV. The descriptions of Fitting et al [11] are implemented for 
the total scattering and angular dependencies. However, these precise 
calculations are not required for our high energy simulations, because the cut-off 
energy is established on 100 eV. Electrons with energies below this 100 eV will 
not be tracked anymore because the distance that these electrons travel is 
negligible. 
 
 

4.1.2 Inelastic scattering 
 
The dielectric function theory (DFT) is applied for the modeling of inelastic 
scattering events. The theory is just a correction to the Bohr-Bethe-Bloch (BBB) 
formula in energy ranges below 10 keV. The DFT and BBB formula give identical 
results for energies above 10 keV (see section 2.1), so both can be implemented 
in the high energetic regions. 
 
 

4.2 Detector geometry 
 
The structure can be built up of several layers. The particles and their 
characteristics, like energy and momentum, can be tracked within a layer. Two 
different structure geometries are defined; for proper calculations of the DQE and 
MTF we use the “area structure”. However, for calculation of only the MTF and for 
computational speed the “pixel structure” can be convenient.  
 
 

4.2.1 The area structure 
 
The sensor is defined as a large 
slab with dimensions of 1.0 mm by 
1.0 mm and consists of three 
silicon layers as can be seen in 
figure 18. A toplayer of half a 
micrometer is defined as the first 
layer. Normally this toplayer would 
contain the electronic part of the 
sensor, such as the diode for 
charge collection and the 
polysilicon ring which establishes 
an electrical field in the sensor. 

Toplayer 

Epilayer 

Substrate 

Figure 18: The geometry of the area structure 
method. The sensor consists of 3 silicon layers; 
the toplayer of 0.5 µm contains the electronics 
in reality, the epilayer with a variable thickness 
is the sensitive layer. The substrate will also be 
varied to study the effect of backscatters. 
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However this toplayer consists only of silicon in the simulations. The second layer, 
the epilayer, is the sensitive layer which collects the electrons consisting of a p 
doped silicon structure, though now only of silicon. The substrate supports the 
upper two layers. The thickness of the epilayer and substrate are varied within 
the several simulations. The electrons in the epilayer are tracked and saved in a 
file. This file contains information of the position, origin, momentum and energy 
of the tracked electron. The MTF and DQE can be calculated with the use of these 
data according to Meyer and Kirkland [26]. They described a method to calculate 
the two performance parameters using Monte Carlo simulations. The MTF is 
calculated by the following equation: 
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Where ĝμ (u,v) is the Fourier 
transform of gμ (x,y), which is the 
detected electron intensity 
(number of electrons per unit area) 
collected at position (x,y) in the 
focal plane of the system. An 
electron may arrive at a certain 
position (xi ,yi) by many different 
trajectories. The parameter μ 
describes the combination of 
trajectories of each incident 
electron ánd all the paths of the 
secondary electrons it creates with 
a probability to take that trajectory 
of dμ. A schematic representation 
is shown figure 19. The MTF is 
normalized at zero spatial 
frequency by the average number 
of detectable electrons per incident 
electron to yield unity. For a given 
realization of μ the N secondary 
electrons (i=1,…,N) end up in 
positions (xi, yi). Then it can be 
shown that ĝμ (u,v) is given by: 
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       (36) 

 
Which is thus a summation of the Fourier transforms of the contributions δ(x-xi, 
y-yi) of the detected stop positions of the electrons. The contribution is sampled 
over discrete, equidistant sampling points along the positive u and v axes, which 

One incident 
electron 

All paths 
together μ 

(x,y) (xi ,yi) 

Figure 19: One electron generates several 
secondary electrons, each of them with their 
own trajectory; the collection of paths is 
denoted by µ with a probability dµ. The 
contribution of the detected electrons at 
positions (xi, yi) is used to calculate the MTF. 
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is sufficient because of the rotational symmetry. The integrals in equation 35 are 
approximated by taking the average of ĝμ (u,v) and ĝμ (0,0). 
 
 
The DQE in the simulations is, according to Kirkland and Meyer, equal to: 
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The integrals can be approximated by taking the average of ĝμ (u,v) and |ĝμ 
(u,v)|2 over all incident electrons. This results in a large amount of data to be 
processed. A Matlab script (appendix A) has been developed to process these 
data and to calculate the MTF and DQE. 
 
 

4.2.2 The pixel structure 
 
Another method to define the 
geometry of the sensor is the pixel 
structure version. The epilayer is 
now divided into a 9 x 9 pixel 
structure with a pixelsize of 15 µm 
by 15 µm and each of the pixels is 
treated separately.  
 
 
The main advantage is that the 
data of each pixel is saved 
independently from each other. 
The energy deposition over the 
whole sample, the PSF, can easily 
be obtained in this way. However it 
takes a lot of working memory to 
save all the files separately.  
 
 
The MTF can be calculated by taking the Fourier transform of the PSF, though the 
variance is unknown and the DQE cannot be calculated with the usage of this 
method. The variance can be obtained by merging the files, which is a complex 
method to obtain the same results as in the previous structure. However it is an 
easy method to obtain perception into the behavior of the MTF for several 
thicknesses of the epilayer and substrate. 
 
 

Figure 20: The geometry used in the pixel 
structure method deviates from the geometry 
used in the area structure method by the 
definition of pixelareas within the epilayer. The 
energy in each pixel is used within the 
calculations. 

Toplayer 

Epilayer 

Substrate 
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4.3 Comparison simulations to analytical theory 
The results of the simulation program should be compared to the theory in order 
to validate that the program treats high energetic electron scattering correctly 
and can be applied in our case. Both the simulation structures have been 
compared to Molière’s theory discussed in the chapter 2. The substrate and 
toplayer are neglected in this comparison case and both are set at zero mm. The 
epilayer, consisting of pure silicon, is established at a thickness of 300 μm, where 
multiple scattering will take place and Molière’s theory can be applied. The size of 
the total sampling surface is chosen to 150 μm with sampling points of 15 μm. 
The Nyquist frequency, the maximum sampling frequency, is equal to 33 line 
pairs per mm as will also be the case in the simulations and measurements. The 
cut-off energy, the maximum energy of a tracked electron is set at 100 eV. The 
simulations are done with 5000 incident which gives sufficient statistics.  
 
 
The MTF results of the three methods, which is the Fourier transform of the PSF 
as mentioned in chapter 3 are shown in figure 21. 
 

 
The simulation data of the area structure decreases somewhat faster than 
Molière’s theory, but around 0.25 Nyquist it slightly decreases and finally reaches 
an MTF value of 0.1. The simulation data of the pixel structure seems to be more 
comparable to Molière’s theory, though around 0.25 Nyquist it also starts to 
decrease slowly and becomes comparable to the data of the area structure. It can 
be concluded that the simulation data will not reach zero, while Molière’s theory 
does around 0.40 Nyquist, though both the theory as the simulation data 
decreases equally to a MTF value of ~0.15 around 0.25 Nyquist. Molière’s theory 
is a first approximation of the behavior of the electrons. It takes only elastic 
scattering into account and inelastic scattering is neglected, while the simulation 

Figure 21: The MTF results of the two simulation methods are compared with the 
calculation of the analytical theory of Moliere. These results are calculated for a 300 µm 
layer irradiated by 300 keV electrons for pixels of 15 x 15 µm. 

Comparison simulation and Molière's theory

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
Nyquist

M
TF

Molière's theory
Simulation area structure
Simulation pixel structure



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 33 

program deals with both the processes. Furthermore the small correction factors 
are neglected in Molière’s theory, though they might influence the decrease of the 
MTF slightly. These factors could be an explanation for the differences between 
the simulations and the theory. The area structure simulation method is more 
accurate than the pixel structure method because of the bumpy profile in the 
pixel structure. The bumpy profile is a cause of the influence of the sampling 
method on the PSF. All the secondary electrons are independently taken into 
account within the calculations, while the pixel structure is just an energy 
deposition over a pixel area of 15 μm by 15 μm. The PSF is not determined per 
point but per pixel, which causes a PSF without a smooth Gaussian shape but 
blocks with the size of a pixel. Furthermore the area structure contains the 
possibility to calculate the DQE. Therefore the area structure has been applied in 
the simulations. 
 
 

4.4 Simulations: optimization of CMOS structure 
 
The epilayer thickness, es, has been 
varied at constant thicknesses of the 
total sensor. Furthermore the level of 
backthinning has been varied, which is 
similar to the variation of the thickness 
of the total sensor, ds.  A schematic 
representation of this is given in figure 
22 with the three layers as defined 
above, toplayer, epilayer and substrate 
respectively. 
 
 
The simulations have all been calculated 
with 5000 incident electrons. The cut-off 
energy is established at 100 eV. Diffusion of the electron hole pairs is neglected in 
this program, so it will not completely compare with real measurements. The MTF 
curves will have higher values, because diffusion deteriorates the detected signal, 
though diffusion should not influence the DQE. However, these simulations will 
provide more insight in the right choice of epilayer thickness and the level of 
backthinning where it becomes effective. 
 
 

4.4.1 Epilayer thickness 
 
Varying the thickness of the epilayer should 
give insight into the optimal thickness. The 
incident electrons cause a cloud of 
interactions in the matter as can be seen in 
figure 1. This cloud is spread in the shape of a 
drop over a certain area. The electron cloud 
deteriorates especially the MTF, but also the 
DQE, because the signal is being spread over 
pixels in the neighborhood and is not all 

es 

ds 

Figure 22: The sensor geometry has been 
varied by the epilayer thickness, es, and 
the total sensor thickness, ds in order to 
find the optimal configuration. 

Figure 23: A Monte Carlo simulation 
shows an example of the generated 
electron cloud within the sensor. 
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collected in the original pixel. The ideal thickness has to be determined where the 
signal is not spread over too many pixels, though enough signal should be 
collected in order to obtain a good SNR. The thicker the epilayer becomes the 
wider the electron cloud and therefore both the MTF and the DQE declines. So the 
epilayer has to be thinner. However a too thin epilayer contains a low signal and 
the SNRin and SNRout ratio or the DQE is low, but the MTF is high. The substrate 
has been set at a thickness of 500 μm and the thickness of the epilayer has been 
varied from 100 μm up to 5 μm. The results for this simulation are shown in 
figure 24 and 25.  
 
The upper graphs 
show the MTF and DQE 
curves as a function of 
the Nyquist frequency. 
The lower graphs 
represent the MTF and 
DQE values at 0.6 
Nyquist as a function 
of the thickness of the 
epilayer.  
 
 
The MTF decreases 
with an increasing 
thickness, because of 
the earlier mentioned 
cloud of electrons. An 
established epilayer 
with a thickness of 100 
μm deteriorates the 
signal rapidly and only 
10% of the original 
signal in the high 
frequency region is 
passed through at the 
Nyquist frequency, 
while 50% of the 
original signal is 
passed through for 
thin epilayers (≤ 20 
μm) in the high 
frequency region.  
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Figure 24: The MTF 
decreases continously 
with increasing epilayer 
thickness. a) shows the 
MTF as function of the 
Nyquist factor for the 
varying thicknesses of the 
epilayer, b) shows the 
MTF for a varying epilayer 
thickness at 0.6 Nyquist. 
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However the DQE has 
an optimum for a 
epilayer thickness of 
20 μm as can be seen 
in graph 2b. Small 
epilayers provide too 
little signal to obtain 
an optimal DQE value, 
while backscattering 
will influence the DQE 
for thick epilayers. 
Thick epilayers causes 
a high value for DQE 
(0), but decreases fast 
and end up in low DQE 
values at high spatial 
frequencies. An 
epilayer of 20 μm 
causes a mean value 
at zero spatial 
frequencies, but 
remains around a DQE 
value of 0.5 for higher 
frequencies causing 
the highest DQE.  
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Figure 25: The DQE shows 
a maximum for the 
optimal epilayer thickness 
of 20 µm.. a) shows the 
MTF as function of the 
Nyquist factor for the 
varying thicknesses of the 
epilayer, b) shows the 
MTF for a varying epilayer 
thickness at 0.0 and 0.6 
Nyquist. 
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4.4.2 Backthinning 
 
The thickness of the 
substrate determines 
the degree of 
backscatters in the 
detected signal. 
Backscatters cause a 
declining of the 
detected signal, 
because the 
backscatters usually 
have traveled over a 
certain area before 
detection takes place. 
The backscatters can 
thus be detected at a 
place far away from 
the impact point of the 
primary electron.  
 
 
The previous 
simulations showed 
optimum in the DQE 
curves for an epilayer 
of 20 μm at a sensor 
of 500 μm. 
Simulations at various 
thickness of the 
epilayer has also been 
done at a total sensor 
thickness of 50 μm to 
ensure the DQE 
optimum remains at 
20 μm.  
 
 
The results, 
represented in figure 
26 show a lift of both 
the DQE and MTF. The 
MTF shows a lower 
improvement for a 
epilayer with a 
thickness of 20 μm 
than for other 
thicknesses. However, 
the improvements 
within the simulated 
DQE seem to be the 
same for the various 
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Figure 26: Backthinning of the sensor gives an improvement 
in both MTF and DQE. The optimal epilayer thickness remains 
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thicknesses, though the optimum for the DQE remains at a thickness of 20 μm. It 
can be concluded that this is the optimal epilayer thickness. Therefore further 
simulations on the effect of backthinning have been done on a sensor with an 
epilayer of 20 μm. The total sensor thickness is thus varied from 30 μm up to 500 
μm as can be seen in figure 27. The thickness of 500 μm has been taken as the 
representation of a bulk substrate and the improvement factors, given in table 1, 
are calculated with this thickness as reference. 
 
 
The effect of 
backthinning has the 
largest improvement 
on the MTF as can be 
seen from table 1. 
Backthinning to 40 or 
30 μm improves the 
performance of the 
MTF even as the 
performance of the 
DQE considerably, 40 
and 19 % respectively.  
 
 
This can be explained 
by the fact that the 
signal to noise ratio 
may be less influenced 
by backthinning. The 
best performing sensor 
would be just an 
epilayer without any 
substrate attached to 
it. A thin or no 
substrate provides a 
detected signal 
without any 
considerable effect of 
backscatters, which 
improves both the 
DQE and MTF. 
However, a substrate 
supports the epilayer 
and no substrate at all 
would make the sensor 
very fragile.  
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Figure 27: Backthinning becomes effective above 40 µm, both 
for the MTF and the DQE.  



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 38 

Figure 27 show a threshold value for backthinning the thickness of the substrate. 
Backthinning comes effective above this threshold value, which is equal to 40 μm. 
Backthinning of the sensor to 60 μm has a negligible effect on both the MTF and 
DQE. The substrate should be chosen between 0 and 40 μm, where a 
consideration should be made between the improvement on the performance and 
the reliability of the sensor.  

 

Substrate thickness Improvement MTF Improvement DQE 
30 1.40 1.19 
40 1.23 1.15 
50 1.14 1.11 
60 1.08 1.05 
 
 
Further discussion about the simulations and a comparison to the measured data 
will be treated in chapter 7. 
 

Table 1: The improvement factors for several backthinning levels.  
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Chapter 5  

 

5 Experimental set-up 
 
The performance of the CMOS detector has been investigated in terms of MTF, 
DQE and radiation hardness. Two CMOS sensor designs have been developed with 
varying thickness of the epilayer and substrate. A detailed description of the 
sensor lay-out, the used equipment and the used methods for measurements are 
explained in this chapter, starting with a short introduction of the used electron 
microscope. 
 
 

5.1 The transmission electron microscope 
 
A transmission electron microscope (TEM) is an instrument which can be used to 
examine samples at a high resolution of 0.2 nanometers. A TEM can be compared 
to a light microscope as is represented in figure 28. A TEM however uses an 
electron beam as the light source and has electromagnetic lenses instead of glass 
lenses. An electron beam is often referred to light within the electron microscopy 
world. Light, (photons or electrons) is focused on a specimen by a condenser 
lens. The light that has gone through the specimen is imaged by an objective 
lens, which creates a magnified image onto a viewing fluorescent screen. The 
fluorescent screen can also been replaced by a camera or photo plate system. A 
shutter control mechanism is placed on the optical axis between the camera 
system and the projector lens to avoid unnecessary exposure of the camera and 
cause radiation damage. A gun shutter or beam blanker can also be inserted 
between the condenser lens and the specimen to avoid unnecessary exposure to 
the sample.  
 
 
 
 
 
 
 
 
 
 
 
 

Light 
microscope 

Figure 28: The basics of 
a transmission electron 
microscope (TEM) can 
be compared to a light 
microscope. 
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5.2 The equipment 
 
Measurements of the MTF and the DQE have been performed with a developed 
first version of the electronics, software, CMOS sensors and housing. A 
description of the used TEM is given in section 5.2.1, the housing of the detector 
is described in 5.2.2 and the electronic part in 5.2.3. Finally an introduction into 
the CMOS sensors themselves and their variations is given in 5.2.4. 
 
 

5.2.1 Tecnai Polara 
 
All the measurements have been performed on the Tecnai Polara, a TEM product 
of FEI Company. The Polara was designed to fulfill all the requirements for 
lifescience laboratories, cryo performance included. Cryo performance enables 
measurements at temperatures only a few degrees above absolute zero. Usually 
a Polara is equipped with a high performing Peltier cooled CCD camera or an 
energy filter or even both. The energy filter is capable of selecting only those 
electrons transmitted through a specimen which have a certain energy and 
imaging them. Hence, the contrast and resolution can be improved by an energy 
filter. Further specifications of the Polara are given in appendix B. 
 
 
The Tecnai Polara is the typical instrument in which the CMOS camera will be 
applied for lifescience applications. The full potential of the Tecnai Polara, as the 
cryo performance for example, was not used in the CMOS experiments. No 
specimen has been used in the measurements; the electron beam was directly 
focused on the camera. The shutter control mechanism between the projector 
lens and the camera system has been used to protect the sensor from 
unnecessary illumination. 
 
 

5.2.2 Detector housing  
 
The Gatan Ultra Scan (US) housing of the CCD camera has been used to place the 
CMOS sensor into the TEM. A special vacuum flange has been developed to fit in 
the US housing. The sensor and its electronics are placed on a head board 
developed by the Rutherford Appleton Laboratory (RAL). Figure 1a shows a top 
view of the Ultra Scan housing with the developed vacuum flange fixed on it. The 
dark square in the middle is the CMOS sensor itself. The other images show the 
vacuum flange, with the head board the attached CMOS sensor on it. The CMOS 
sensor is protected with a plastic cover in figure 1b and 1c because of the 
fragility. The camera has been placed at the bottom of the TEM column in the 
position below the retractable fluorescent screen. 
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5.2.3 The electronics 
 
The signal from the 
CMOS sensor is being 
processed on the head 
board. Two 50 pins D 
connecters transfer 
the signal to a second 
board, the expansion 
board, where the 
signal is converted 
from analogue to 
digital and is 
transferred to a third 
board, a Virtex FPGA, 
which is controlled by 
computer software via 
a Giganet link for 

Figure 29: An overview of the housing of the CMOS sensor. Figure a shows a topview of 
the Ultra Scan housing, the vacuum flange and the sensor are indicated by the red and 
blue arrow respectively. Figures b, c and d show only the vacuum flange with the 
headboard and the CMOS sensor (covered by plastic in b and c).  

Figure 30: A schematic overview of the used electronics to 
process the CMOS signal. 
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further data processing. An overview is given in figure 30. The test version of a 
software program, V2, used for the recording of the images is developed by RAL. 
A set of pixels can be selected via the program for recording, viewing, storing and 
analyzing. The program interface is shown in figure 31. More details can be found 
in a report of Guerinni [27]. 
 
 

 

 
 

5.2.4 Sensor configuration 
 
The pixel design of the sensor determines the performance of the detector. The 
pixel deign parameters that can be varied are the size of the diode, p well, n well 
and field oxides, but also by tuning of the potential. The perfect pixel design has 
to be composed by varying these factors. RAL developed a CMOS sensor with 
active components integrated in each pixel. Hence the term monolithic active 
pixels sensor, MAPS, or with the eye on TEM applications: TEMAPS. A sensor 
consists of 1280 by 1280 pixels with 25 different areas, each a size of 256 by 256 
pixels and its own pixel design. The pixels themselves have a size of 14 μm. A 
read-out of the full frame is shown in figure 32. It shows a schematic overview of 
the areas and their names. These names will be used within the results in the 
next chapter. The curvatures on the left edge of figure 1 are the effect of the pin 
connections on the sensor. The electric field of the connections saturates the 
pixels locally.  

Figure 31: The interface of the software program V2 developed by RAL. 
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Two separate series of sensors have been developed to vary the pixel design, 
known as TEMAPS 1.0 and its adjusted version TEMAPS 1.1 (appendix C). The 
most important adjustment between TEMAPS 1.0 and 1.1 is the addition of a 
polysilicon ring, which should result in an improvement in the radiation hardness. 

 
 

In the first sensor version, TEMAPS 1.0, has the thickness of the epilayer been 
varied; a thin epilayer of 5 μm and thick epilayer of 15 μm are defined. 
Furthermore in the sensor the thickness of the substrate has been varied, which 
has thicknesses of 300 μm, 100 μm, 50 μm and 30 μm respectively. The 
thickness of the substrate can be reduced by backthinning. The results will deliver 
an understanding for the optimal pixeldesign. 

 
 

Not all areas of the second version of the sensor, TEMAPS 1.1, have been 
measured. A schematic overview of the investigated areas and their variations 
are shown in table 2, the precise lay out is attached in appendix C. Area V for 
example has the same configuration as area S, except that the potential is 
grounded for area S and externally controlled for area V. Area P is another 
variation on S, because P has a large diode instead of the small diode that area S 
has. Measurements on areas S, P and V give a perception of the influence of 
diode size and the potential control. In this way all the variations are measured 
and analyzed. 

 
 
 
 
 

ABI2I1I

SB1M2M1M

CB2GM3I3

DB3VQH

B4P1PQ1H1

1279

12790
Columns adress

R
ow

s 
ad

re
ss

ABI2I1I

SB1M2M1M

CB2GM3I3

DB3VQH

B4P1PQ1H1

1279

12790
Columns adress

R
ow

s 
ad

re
ss

256 pixels 

Figure 32: A read-out of the full frame can be seen on the left side and the associated 
names are displayed on the right side. 
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Sensor name Cell 

name P++ 
Potential 
control N well Diodesize Polysilicon ring 

TEMAPS 1.0 G None  Grounded Large Small None 
TEMAPS 1.0 B4 None  Grounded Large large None  
TEMAPS 1.1 B3 None Grounded Large Large Large 
TEMAPS 1.1 

H1 None 
Externally 
controlled Large Large Medium 

TEMAPS 1.1 B1 Substrate Grounded Large Large Small 
TEMAPS 1.1 

Q1 Substrate 
Externally 
controlled Medium Large Small 

TEMAPS 1.1 P Floating Grounded Small Large Small 
TEMAPS 1.1 

Q Floating 
Externally 
controlled Small Large Small 

TEMAPS 1.1 B4 Floating Grounded Large Large Small 
TEMAPS 1.1 C Floating Grounded Small 2 small Small 
TEMAPS 1.1 S Floating Grounded Small Small Small 
TEMAPS 1.1 

V Floating 
Externally 
controlled Small Small Small 

 
 

5.3 General measurement procedure 
 
The CMOS sensor is equipped with a rolling shutter. Each row is read out 
sequentially and immediately reset afterwards. Hence, the image is scanned from 
top to bottom and continues scanning during a fixed time interval, the read-out 
time. The exposure time, or integration time, is defined as the time to read out a 
complete frame. If it takes x milliseconds to read-out a complete frame, each 
pixel is exposed for the same time (x milliseconds). In principle the time x can be 
set to any desired value higher than the minimum possible value. The 
disadvantage of a rolling shutter is that a transition (as electron beam on/off) will 
be spread over several images. This transition effect should be taken into account 
during the measurements, so more images have to be taken than necessary. A 
CMOS sensor can also be equipped with a global shutter. Now all rows are read 
out simultaneously. The disadvantage of this technique is that it requires a higher 
read-out time and the exposure time will increase.  
 
 
In all the experiments the same read-out time was used, established at 25 ms 
per frame. A collection has been made of 300 frames within each measurement 
and these frames have been summed to reduce the noise in the edge images, 
which will be described later in this chapter in the MTF measurement section. The 
frames are acquired in a sequence of roughly 100 dark, 100 illuminated and again 
100 dark images. The total measurement time becomes approximately 7.5 

Table 2: An overview of the measured areas and the variations within the configurations. 
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seconds for frames of 25 ms. The summed dark images are subtracted from the 
summed illuminated images in order to remove fixed (dark noise) patterns. The 
dose has been varied from approximately 0.16 up to 16.58 electrons per pixel per 
single frame to establish the response (i.e. linearity) of the CMOS sensor 
response. The measurements have all been done with the use of an electron 
beam of 300 keV. 
 

5.4 MTF measurement procedure 
 
Two methods are available to measure the MTF, namely the knife edge method 
and the noise method as mentioned by Meyer and Kirkland [26]. They already 
found that the noise method results in a too optimistic MTF in the high spatial 
frequency regions. This overestimated MTF is the result of the assumption that 
the noise is simply filtered by the MTF. The noise method leads actually to the 
noise transfer function instead of the true MTF.  
 
 
Hence the knife edge method has been used in 
this project. The knife edge method follows 
from the idea that the sensor is illuminated with 
a step function which contains all spatial 
frequencies. The contrast between the input 
and output image is compared to each other for 
several spatial frequencies. The input signal 
should be defined very well; therefore a sharp 
step function has been used. This is 
accomplished by the use of a grid, which is put 
into the beam in such a way that the measured 
area consists of two parts; a uniform 
illuminated part (the upper part of figure 33) 
and a dark part obtained by the shadow of the 
grid (the lower part of figure 33). The grid 
should be aligned with a small slope to avoid a 
too sharp edge which will result in aliasing in 
further data processing.  
 
 
A successive sequence of 300 frames was recorded. These images have been 
processed and analyzed by an MTF script running in the Gatan software program 
DigitalMicrograph. An edge spread function is determined from the images, which 
will be a sharp slope with a shoulder on both sides of the edge due to 
backscatters. A point spread function (PSF), or actually a line spread function 
(LSF), is derived from the edge spread function. Once the PSF is known a MTF 
can be obtained by a Fourier transformation. A schematic overview is shown in 
figure 34. The script to calculate the edge spread function, the LSF and the MTF 
have been developed by Gatan and Gerald van Hoften and is attached in 
appendix D. The MTF is expressed in terms of the Nyquist factor instead of the 
generally used line pairs per mm. The Nyquist factor equal to 1.0 is the maximal 
sampling frequency, according to the Nyquist criterion equal to 1 linepair per 2 
pixels, approximately 36 line pairs per mm for pixels of 14 μm.  

Figure 33: An example of a 
measured edge image. The upper, 
bright part is illuminated, the 
lower part is covered by the 
shado f the grid. 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 46 

 
 

5.5 Conversion efficiency measurement procedure 
 
The conversion efficiency can be determined by the use of a Faraday cup which 
accurately measures the beam current. The CMOS sensor is exposed to a known 
beam current for a certain time interval and the counts from the sensor can be 
determined. The conversion efficiency can than be calculated with the use of 
equation 2.4.1. 
 
 

5.6 NNPS measurement procedure 
 
The normalized noise power spectrum (NNPS) is determined by the squared 
discrete Fourier transform of the noise, which is equal to the deviation of the 
average of the output image divided by the squared conversion efficiency and the 
dose. The deviation of the average of the output image is determined from the 
subtraction of two series of 100 uniform illuminated images each. Hence the 
NNPS can be determined if the conversion efficiency and dose are known. A 
rotational average should be done to obtain a one dimensional NNPS. A schematic 
overview is presented in figure 35. The NNPS is also expressed in terms of the 
Nyquist factor. The NNPS can be determined for several high and low doses in 
order to determine whether the function is dose dependent and the cause of it. 
Additive noise will cause a deviation at higher frequencies, while non-linearity 

Figure 34: An overview of the calculation of the MTF; an edge is determined from the 
measured edge image. The PSF is derived from the edge signal and a Fourier transform 
delivers the MTF. 

 Edge 
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causes an overall deviation. High doses are needed to avoid the effects of 
additive noise as explained in section 2.5.5. A correction should be applied when 
the NNPS is still dose dependent due to non-linear response. 

 

5.7 DQE determination procedure 
 
The DQE can be calculated if the NNPS and MTF are known, because it is simply 
the ratio of the squared MTF and the NNPS. The DQE is also expressed in terms of 
the Nyquist factor. 
 
 

5.8 Radiation hardness test procedure 
 
The radiation damage is dependent of the dose. The radiation hardness of the 
sensor is expressed in terms of Mega electrons per pixel for which the sensor 
becomes saturated by leakage current. The leakage current causes a voltage 
decrease of the diode. No signal can be read-out anymore when this decrease 
occurs faster than the read-out time. The sensor is exposed to a known dose for 
known time intervals. Dark images are measured during those exposures at 
several frame times to determine the saturation level and the dark current. The 

Figure 35: An overview of the calculation of the NNPS; The average noise is calculated by 
the subtraction of 2 illuminated images. The NNPS is calculated with the use of the dose 
and conversion efficiency and finally a rotational average gives the wanted NNPS function. 
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dark current increases with increasing radiation dose, which will decrease the 
read-out time. The several frame times are obtained by reading out multiple 
areas at the same time. A single area of 256 x 256 pixels has a frame time of 23 
ms, a double area 46 ms etc, up to four areas and a frame time of 92 ms. The 
sensor will be totally damaged if the recorded areas are fully saturated. 
 
 

5.9 Cooling test procedure 
 
The dark current is dependent on the temperature of the sensor. The dark current 
will be reduced with decreasing temperature. Therefore measurements have been 
done by cooling the sensor to determine this dependency. The sensor is cooled by 
thermally connecting the aluminum support frame to a dewar flask filled with 
liquid nitrogen with a temperature of 93 K. Four copper wire braids provide the 
thermal connectivity. A temperature dependent resistor is attached close to the 
sensor in order to measure its temperature. The effect of cooling to the dark 
current has been measured and it is expected to decrease following equation 34.  
 
 

5.10 Annealing test procedure 
 
The sensor has been sealed within aluminum foil and placed in a baking oven for 
approximately 2 hours at a temperature of 160 °C. This time interval and 
temperature have been chosen to see the effect of baking to the sensor. The 
temperature should be kept below approximately 200 °C to ensure no solder 
connections are melted. Finally the sensor should be annealed at a temperature 
of 80 °C, because than the sensor could be baked out within the Ultra Scan 
housing by a reversal connection of the Pielter cooling element. A decrease of the 
dark current should be expected, though the annealing process itself has not 
been studied within this project. Therefore no exact estimation on the annealing 
process can be made. 
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Chapter 6  

 

6 Results 
 

The performance parameters (MTF, DQE, radiation hardness) of the CMOS 
sensors have been measured and analyzed for different pixelareas, epilayer 
thicknesses and level of backthinning. These measurements should give insight 
into the best performing CMOS sensor configuration. Firstly in section 6.1, the 
MTF results are presented for all variations of the sensor configurations and also 
the effect of radiation damage on the MTF. The conversion efficiency and the 
NNPS should be determined before the DQE can be calculated. These results are 
discussed briefly in section 6.2 and 6.3, because these parameters are not 
decisive in the performance of the sensor. Like the MTF, the DQE results are 
presented in section 6.4 for all the configuration variations and the effect of 
radiation damage. Finally the results of the radiation hardness tests, the cooling 
and annealing measurements are presented in section 6.5, 6.6 and 6.7. 

 
 

6.1 MTF 
The MTF has been measured for several configurations of the pixelareas, the 
epilayer thickness and the level of backthinning. The results of the measurements 
are presented below in this order. All of the MTF measurements have been done 
as described in the previous chapter, without cooling the sensor. 

 
 

The precondition of the dose independency of the MTF has also been checked to 
ensure the measurements could be done on any dose. The results are presented 
in appendix E. The result of the influence of front and back illumination is also 
treated in that appendix.  

 
 

6.1.1 Variation of the pixel geometry 
 
The results for the MTF measurements of the areas described in the previous 
chapter of the TEMAPS 1.0 and TEMAPS 1.1 sensors are shown in figure 36. 
TEMAPS 1.1 is an improved version of TEMAPS 1.0. Therefore only the two best 
performing areas of TEMAPS 1.0 and the areas of TEMAPS 1.1 which cover all 
variations are presented. The sensors have an epilayer with a thickness of 5 µm 
and a total thickness of 300 µm, so no backthinning took place yet.  

 
 

The improvement of the two sensor versions is not noticeable; the curves of the 
B4 and G area of TEMAPS 1.0 overlap with the highest curves of TEMAPS 1.1. 
Areas C, S and V have definitely a lower MTF than the other areas. Thus the 
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usage of one or more 
small diodes instead of 
large diodes has a 
negative influence on 
the MTF, because P, Q, 
S, V and C all have a 
lower MTF. An 
externally controlled 
potential (H1, Q1) or a 
potential at ground (P, 
B4, B3, B1) does not 
alter the MTF really 
much, the same as for 
a floating P++ ring (P, 
B4), a fixed P++ ring 
on the substrate (Q1, 
B1) or no P++ ring at 
all (H1). A gap 
between the N well 
and the P well (Q1) 
has also no clear 
influence. 

 
 
 
 

6.1.2 Variation of the epilayer thickness 
 
A comparison has 
been made between 
the sensors with 
varying thickness of 
the epilayer. 
Measurements have 
been done on a 
TEMAPS 1.0 sensor 
with an epilayer of 15 
μm and a thin epilayer 
of 5 μm. Both the 
measurements are 
done at the same area 
of the sensor, namely 
area G and again no 
backthinning took 

MTF, epilayer dependency
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Figure 36: The MTF of several areas for a sensor with a thin 
epilayer of 5 µm. 

 

Figure 37: The MTF of 
area G of TEMAPS 1.0 
with a thin epilayer of 5 
µm and a thick epilayer 
of 15 µm. 
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place. The MTF of both epilayers are comparable in the low frequency areas. 
However, the thin epilayer gives a much higher MTF above frequencies of 
approximately 0.12. The difference between those epilayers becomes even larger 
for increasing frequencies. The thin epilayer results in a MTF with a factor of ~ 
2.22 at 0.5 Nyquist and even ~ 3.98 at 1.0 Nyquist higher than the thick epilayer 
at the Nyquist frequency. 

 
 

6.1.3 Variation of the substrate thickness 
 
The sensor is also varied 
in level of backthinning 
to examine the ideal 
substrate thickness. 
Backthinning of the 
sensor improves the 
MTF considerably. 
 
 
Figure 38 shows the 
effect of backthinning up 
to 30 μm on the TEMAPS 
1.1 sensor on the best 
performing areas Q1 
and H1 and the worst 
performing areas S, V 
and C. No data is 
available of areas B4 
and G of a TEMAPS 1.0 
sensor with a thin 
epilayer and 
backthinning to 30 μm, 
the only data of a thin 
epilayer is backthinning 
up to 50 μm.  
 
 
The results of varying the level of backthinning can be found in figure 38. These 
results are from the G area of a TEMAPS 1.0 sensor, thin and thick epialyer with 
several levels of backthinning. It can be seen that backthinning to 100 μm has 
little influence on the MTF performance.  
 
 
However, backthinning to 30 or 50 μm improves the MTF with a factor of 
approximately 1.3 for a thin epilayer and up to 1.6 for a thick layer. The MTF of 
Q1 and H1 are improved by almost a factor 1.30, the same factor as was found 
for the TEMAPS 1.0 sensor with backthinning on a thin epilayer. However, the 
MTF of S, V and C is only  slightly improved with a factor around or below 1.10. 
Table 3 shows the improvement factors as a ratio of the MTF values for 
backthinned and non backthinned sensors at half and full Nyquist.  

MTF, effect of backthinning
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Figure 38: The effect of backthinnig to 30 µm on the MTF of 
areas TEMAPS 1.1 Q1, H1, S, V and C (all thin epilayer). 
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The shape of the MTF 
is affected by 
backthinning. The 
shoulder, indicated 
with the arrow, at 0.15 
Nyquist disappears 
with backthinning, 
which can be 
explained by 
backscattering. 
Backscatter causes an 
additional background 
at low frequencies 
(and extra tails in the 
PSF). The contribution 
of backscatters and 
also the shoulder in 
the MTF graph will 
become negligible 
after backthinning. 

 
 
 

 
 
 

 
    Improvement factor MTF 

Sensor name 
Cell 
name Epilayer 

Level of 
backthinning 0.5 Nyquist 1.0 Nyquist 

TEMAPS 1.0 G 5 50 1.25 1.30 
TEMAPS 1.0 G 5 100 1.09 1.10 
TEMAPS 1.0 G 15 30 1.38 1.48 
TEMAPS 1.1 H1 5 30 1.31 1.20 
TEMAPS 1.1 Q1 5 30 1.37 1.25 
TEMAPS 1.1 S 5 30 1.00 1.03 
TEMAPS 1.1 C 5 30 1.02 1.08 
TEMAPS 1.1 V 5 30 1.10 1.06 
 

MTF, effect of backthinning
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Table 3: The improvement factors of the MTF for the several areas as a function of the 
backthinning level. 

Figure 39: The effect of backthinnig on the MTF of area G 
TEMAPS 1.0 (thin and thick epilayer). 
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6.1.4 Radiation damage 
 
The MTF has been measured during the radiation hardness test to ensure the MTF 
is not decreasing after being exposed to a certain dose. The measurements have 
been performed on the Q1 area of the TEMAPS 1.1 sensor with an epilayer of 5 
µm and without backthinning. Radiation damage does not harm the MTF as can 
be seen in figure 40. The MTF of the backthinned sensor stays at the same level, 
even after an exposure of 500 Mega electrons.  
 

 
 

MTF, effect of radiation damage
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Figure 40: The effect of radiation damage on the sensor after several doses on area Q1. 
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6.2 Conversion efficiency 
 
The conversion efficiency of area H1 and Q1 has been examined after several 
exposures. Figure 41 shows the results. Areas H1 and Q1 have almost the same 
conversion efficiency. Backthinning of a sensor leads to a lower conversion 
efficiency, due to less backscatters. The radiation damage causes also a lower 
conversion efficiency, where the conversion efficiency of Q1 decreases more than 
H1.  
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Figure 41: The conversion efficiency of area H1 and Q1 as a function of the radiation 
damage. 
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6.3 NNPS 
 
The NNPS has to be 
determined before the 
DQE can be calculated. 
The results of a NNPS 
measurement of area B4 
of a non-backthinned 
TEMAPS 1.0 sensor with 
an epilayer of 15 μm is 
shown in the upper 
graph of figure 42. The 
NNPS is expected to be 
independent of the 
dose; however 
measurements revealed 
that the NNPS is 
somewhat affected 
(within a 5% margin) 
due to non-linearity. A 
small correction should 
be added to this NNPS 
curve in order to correct 
for this deviation. This 
correction can be 
calculated by a linear fit 
through the conversion 
efficiency at several 
doses. The result of the 
corrected NNPS is shown 
in the lower part of 
figure 42. No analytical 
comparison of the 
sensor performance but 
only a rough estimation 
can be taken from the 
NNPS of several areas. 
Though the NNPS is 
incorporated in the DQE 
and a comparison of 
only the NNPS is omitted 
here. 
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Figure 42: An example of a) 
the measured NNPS curve 
of TEMAPS 1.0 area B4 and 
b) the NNPS curve after the 
correction for non-linearity. 
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6.4 The DQE 
 
The DQE has also been measured as a function of the configuration of the 
pixelareas, the epilayer thickness as well as the level of backthinning. The results 
of the measurements are presented below in this order. All of the DQE 
measurements are performed as described in the previous chapter and without 
cooling the sensor. 
 
 

6.4.1 Variation of the pixel geometry 
 
The DQE of the two 
best pixel areas of 
TEMAPS 1.0 and the 
variations on TEMAPS 
1.1 are shown in figure 
43 and are very 
comparable with each 
other.  The DQE varies 
between 0.20 and 
0.28 over the entire 
frequency range. 
These DQE 
measurements have 
all been performed on 
a non-backthinned 
sensor of 300 μm and 
an epilayer of 5 μm. It 
can be seen that a 
sensor with a low MTF 
can still have a DQE in 
the same range. 
Where the MTF graphs 
of C, V and S are 
clearly lower it does 
not affect the DQE.  
 
 
This can be explained if we assume that the MTF arises from two physical 
processes as was stated in section 3.3. The first process is the primary electron 
interaction with the silicon, which generates a “charge cloud” within the silicon, 
resulting in MTFPE. The second effect is the subsequent diffusion of the charge 
carriers. The initial “charge cloud” will increase in size by diffusion. This effect is 
described by an extra function MTFdiff. Eventually, the product MTFtotal = MTFPE • 
MTFdiff is measured. MTFPE is the result of stochastic processes, generating and 
spreading of a high number of charge carriers. The diffusion, however, of the 
large number of charge carriers in the cloud will not result in a reduced SNR of 
the output signal. Therefore the DQE is almost completely determined by the 
statistics of the first process as is stated by Reymer and Cunningham et al [17-
18]. The DQE decreases slightly at high frequencies due to aliasing effects. 

DQE, dependency of area
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Figure 43: The DQE of several areas for a sensor with a thin 
epilayer of 5 µm. 
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6.4.2 Variation of the epilayer thickness 
 
The DQE has also been 
measured with a 
variation of the 
epilayer thickness. A 
comparison can be 
made from the results 
of the G area of a 
TEMAPS 1.0 sensor 
with a total thickness 
of 300 μm. Two 
epilayer thicknesses 
were available; 5 and 
15 μm.  
 
 
The DQE of a thick 
epilayer has a higher 
mean value than the 
DQE of a thin epilayer. 
This is an interesting 
result, because the 
MTF of a thin epilayer 
lies higher than the 
MTF of a thin epilayer. 
The MTF decreases 
with increasing 
epilayer thickness, while the DQE increases somewhat for the two available 
thicknesses.  
 
 
Probably the DQE will have a maximum for a certain epilayer thickness: epilayers 
which are too thin will generate too little signal to get precise signal to noise 
ratios. However, epilayers which are too thick, will decrease the SNRin and SNRout 
ratio, especially at high frequencies, because the signal is spread over several 
pixels. 
 

DQE, epilayer dependency
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Figure 44: The DQE of area G of TEMAPS 1.0 with a thin 
epilayer of 5 µm and a thick epilayer of 15 µm. 
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6.4.3 Variation of the substrate thickness 
 
Backthinning the 
sensor improves the 
DQE considerably as 
can be seen in figure 
45. The upper graph 
shows the DQE results 
for both backthinned 
and non-backthinned 
sensors of a TEMAPS 
1.1 sensor with a thin 
epilayer of 5 μm.  
 
 
Especially areas H1 
and Q1 are of interest, 
because they start to 
decrease after 0.7 
Nyquist, while the 
others are already 
decreasing at 0.4 or 
0.5 Nyquist. The DQE 
of the backthinned 
sensors for V, C and S 
are lower than the 
other areas while 
these were 
comparable for the 
non-backthinned 
sensors. There is still 
no explanation for this 
effect.  
 
 
The DQE of area H1 
and Q1 improves 
almost with a factor 
1.60 against 1.35 or 
lower for areas C and 
S. Area V has also a 
good improvement 
due to backthinning, 
but decreases faster 
than areas H1 and Q1.  
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Figure 45: The effect of backthinnig to 30 µm on the DQE of 
areas TEMAPS 1.1 Q1, H1, S, V and C (all thin epilayer). 
and TEMAPS 1.0 G (thin and thick epilayer). 
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The lower part of figure 45 shows the differences in degree of backthinning for 
the G area of a TEMAPS 1.0 sensor for a thin and a thick epilayer. Backthinning to 
100 μm has no visible effect as was also seen in the MTF graphs. Backthinning to 
50 μm improves the DQE considerably, with a factor around 1.25. However, 
backthinning a sensor with a thick epilayer seems to give the best result; an 
improvement with a factor around 1.7 resulting in a DQE of 0.55 up to 0.7 
Nyquist. The improvement factors can be found in table 4. 
 
 

    Improvement factor DQE 

Sensor name Cell name Epilayer 
Level of 
backthinning 0.5 Nyquist 1.0 Nyquist 

TEMAPS 1.0 G 5 50 1.23 1.28 
TEMAPS 1.0 G 5 100 1.03 1.05 
TEMAPS 1.0 G 15 30 1.67 2.00 
TEMAPS 1.1 H1 5 30 1.60 1.27 
TEMAPS 1.1 Q1 5 30 1.69 1.32 
TEMAPS 1.1 S 5 30 1.36 1.17 
TEMAPS 1.1 C 5 30 1.16 1.10 
TEMAPS 1.1 V 5 30 1.69 1.22 
 

Table 4: The improvement factors of the DQE for the several areas as a function of the 
backthinning level. 
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6.4.4 Radiation damage 
 
The radiation damage has no significant effect on the DQE of the area Q1 of 
TEMAPS 1.1 as can be seen in figure 46. The DQE remains between 0.30 and 
0.40 after several exposures to high doses. The variance in DQE is due to some 
variance in the measurements. 
 
 

 
 

DQE, effect of radiation damage 
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Figure 46: The effect of radiation damage on the sensor after several doses on area Q1. 
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6.5 Radiation hardness 
 
The sensor is damaged due to exposure to the electron beam. This damage 
determines the lifetime of the sensor. The lifetime is tested by exposure to the 
beam for several time intervals at certain doses. Dark images have been obtained 
between those exposures. Figure 47 shows the dark images of H1 (left) and Q1 
(right) after a dose of 500Me (upper) and 560Me (bottom). The sensor still 
worked after a dose of 500 Me. The brighter parts in the top images are due to 
backscatter from the edge of the aluminum reinforcing frame which is fixed to the 
printed circuit board. The sensor was heavily damaged at a dose of 560 Me. The 
upper and bottom rows are damaged and do not transfer any signal anymore. 
The middle rows are still working as can be seen in figure 48 where the sensor is 
illuminated (and corrected for the dark noise).  
 

 

Figure 47: The dark images of H1 (left) and Q1 (right) at a exposed dose of 500 
e (top) and 560 Me (bottom). 
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The dark current has been measured between the exposure intervals, which 
increased as expected and is shown in figure 49.  
 

 
 
Cooling the sensor down to -55 °C had no effect on the damaged top or bottom 
rows of area H1. Though the dark current became less during the cooling 
measurements, but the sensor is not usable anymore.  
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Figure 49: The number of counts without illumination increases with increasing exposed 
dose. 

 

 

 

 

 

 

Figure 48: An illuminated image of area H1 
after an exposed dose of 560 Me. 
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6.6 Cooling 
 
Cooling of the TEMPAS 1.1 sensor after an exposure of 550 Me per pixel did not 
have any effect and the sensor would not work anymore. However, this sensor 
was probably damaged in the electronic part and not due to an increase in 
leakage current.  
 
 
Cooling of the damaged TEMAPS 1.0 sensor by 5 Me per pixel has certainly effect 
as can be seen in figure 50 where the temperature dependence is shown. The 
dark level seems to have a bias level of approximately 7400 counts for which has 
been corrected in the graph. The sensor is saturated above approximately 10,000 
counts (or 2600 after the offset correction). It can be seen from the graph that a 
short frame time is needed for high temperatures to prevent saturation.  

 
 
Furthermore it reveals that at low temperatures the dark current can be 
neglected (in case of limited radiation damage ~5Me/px). The curved lines in the 
plot indicate exponential fits equal to equation 34. The fitted lines compare very 
well with the measured data and it can be said that the accumulated charge is 
given by a multiplication of time and the leakage current: 
 

29 2( ) ~ 4.2 10 e
g

B

E
k T

T TQ t tI tT
⎡ ⎤
−⎢ ⎥
⎣ ⎦= ⋅       (38) 

 
Where t is the time and Eg the bandgap energy equal to 1.1 eV.  

Figure 50: Temperature dependence of dark level. Sensor accumulated dose is 5 
Me/px. 
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6.7 Annealing 
 
A completely damaged TEMAPS 1.0 sensor has been used for the annealing 
experiment. The sensor was totally damaged; the dark level was too high and no 
signal could be detected. The sensor attached to the headboard was packaged in 
aluminum foil and was heated to a temperature of 160 °C in an oven. The sensor 
has been baked for 3 hours. The sensor has been tested again, after it was cooled 
down to room temperature. The dark level seemed to be decreased to a value 
equal to the starting dark level before use of the sensor, around 7800. This 
sensor seemed to be totally healed.  
 
 
The same experiment was done on the completely damaged TEMAPS 1.1 sensor. 
However the baking did not help and the sensor remained completely damaged. 
The sensor showed no improvement, so higher temperatures or baking times 
would not help. These results indicate that a different kind of damage occurs in 
the two sensors. The TEMAPS 1.0 sensor could have damage on the diode which 
means an increase in leakage current or surface defects which can be annealed. 
In TEMAPS 1.1 the electronics on the side of the sensor could be damaged and 
not annealed anymore. 
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Chapter 7  

 

7 Discussion 
 
The results of the measurements of the test sensors RAL developed are described 
in the previous chapter. However no clear statements are made yet about the 
best performing CMOS sensor and if this sensor provides a higher MTF and DQE 
performance than the CCD detector. In this chapter the results will be discussed 
in section 7.1 and comparisons to the simulations described in chapter 3 will be 
made in section 7.2 before the performances will be compared to results of the 
now used Eagle CCD camera in 7.3. Finally a conclusion of this research project 
will be given in 7.4. 
 
 

7.1 Measurements 
 
The results of the performances of the test sensors are presented in the previous 
chapter. Though what can be concluded about the effect of the pixel 
configurations, thickness of the epilayer and the substrate? Did the 
measurements provide an insight into the best configuration of a possible CMOS 
detector? The results will be discussed in this section in order to be able to 
describe the importance of the configuration parameters. First, the configuration 
of the pixelareas will be studied in 7.1.1, before the epilayer thickness (7.1.2) 
and the backthinning (7.1.3) will be discussed. Finally the radiation hardness and 
lifetime is discussed in (7.1.4) 
 
 

7.1.1 Configuration 
 
All possible configurations with variations on the diode size, p well size, and 
potential control etcetera have been analyzed. The mechanism behind and the 
processes within the several configurations are not well understood yet. Though, 
measurements indicate that the DQE and the MTF performance are influenced by 
the pixel configuration. It is shown in measurements that the size of the diodes 
have influence on the detector performance. One or more small diodes instead of 
large diodes have a negative influence on the MTF but no visible influence on the 
DQE. An exception can be made for the DQE of backthinned sensors. Areas with a 
large diode (TEMAPS 1.1 H1 and Q1) show a better DQE performance after 
backthinning than the areas with a small diode (TEMAPS 1.1 C, V andS). The 
areas with small diodes show only a small improvement on the DQE (and MTF) 
after backthinning. This effect is not well understood yet and further could 
provide the optimal size of the diode. Areas H1 and Q1 also posses a polysilicon 
ring, which results in an increase in the radiation hardness and the associated 
detector’s lifetime. 
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7.1.2 Thickness epilayer 
 
The results of the MTF dependency of the thickness of the epilayer are like 
expected; a thin epilayer (5 μm) results in a better MTF than when the epilayer 
grows in thickness to 15 μm. This is due the fact that the cascade of the scattered 
electrons covers a wider area in thicker layers than in thin epilayers. Though, an 
epilayer with a too thin epilayer will result in a low DQE performance because the 
available signal is too low to create a high SNRin and SNRout ratio. This can 
especially be seen in the results of backthinning; a DQE value of approximately 
0.5 is reached for a backthinned sensor with an epilayer of 15 μm, while the DQE 
of a backthinned sensor with an epilayer of 5 μm stabilizes around 0.35. The DQE 
will increase with an increasing thickness. A too thick epilayer, however, will 
deteriorate the DQE, thus there is an optimal value for the thickness of the 
epilayer where the DQE reaches its maximum. Measurements show that the 
epialyer of 15 μm is closer to the optimum than the epilayer of 5 μm, though the 
optimum still has to be found. Simulations have to be done to find this optimum. 
The final thickness epilayer should be chosen at the optimum of the DQE instead 
of the optimal MTF, because the DQE is a measure for which the noise is enhance 
by the detector and the MTF can be restored by deconvolution. 
 
 

7.1.3 Backthinning 
 
Backscatters are responsible for a deteriorating of the detector performance 
because they can cause a contribution to the signal in pixels far away from the 
position of the incident electrons. The detector performance will increase by 
decreasing the thickness of the substrate, also known as backthinning. 
Measurements show that backthinning becomes effective above a sensor 
thickness of 50 μm. The MTF of the two best performing areas (TEMAPS 1.1 Q1 
and H1) improves with a factor of 1.30 and the DQE with a factor 1.60 at half 
Nyquist. However, these values belong to a sensor with an epilayer thickness of 5 
μm. Other measurements on a G area of a TEMAPS 1.0 sensor with a thick and 
thin epilayer show a different improvement factor due to backthinning. It seems 
to be that a thicker epilayer take care of a relatively high improvement factor 
than a thin epilayer. No explanation can be given for this interesting result. 
Though, it confirms that the 15 μm epilayer provide a better detector 
performance than the 5 μm epilayer does. It could be questioned if the optimal 
epilayer thickness stays at the same level when backthinning the sensor. 
Simulations should provide the answer to that discussion point.  
 
 

7.1.4 Radiation 
 
The sensor is sensitive to radiation exposure. Though, no direct correlation 
between the DQE / MTF performance and the radiation damage of the sensor can 
be found from our measurements. It can be concluded from measurements 
between TEMAPS 1.0 and 1.1 that the adjustment of a polysilicon ring around the 
diode increases the radiation hardness considerably by almost a factor of 100. 
The electronics integrated on the TEMAPS 1.1 sensor are damaged after a 
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radiation exposure of >550 Mega electrons per pixel. Therefore these electronics 
should be covered by for example an aluminum layer to protect it for radiation 
damage. It is expected that the sensor then can be radiated by a higher dose and 
cooling even decreases the radiation damage effect. However, a radiation of 550 
Mega electrons per pixel would mean a lifetime of approximately 18 year, while 
the aim was at least 30 Mega electrons per pixel and a lifetime of only one year.  
 
 
The DQE, MTF and radiation hardness results already look very promising. 
Though, more insight in the optimal CMOS sensor has to be found by simulations. 
The simulations results in an optimal epilayer thickness at 20 μm and 
backthinning up to 40 μm as decribed in chapter 3. But are the simulations 
comparable to the measurements and can this conclusion be stated? Therefore a 
comparison has been made between the measurements and the simulations. 
 

7.2 Simulations 
 
Simulations have provided insight in the optimal thickness of the epilayer and the 
effect of backthinning on the performance of the DQE and MTF. 
 
 

7.2.1 Results 
 
Simulations indicate that the thickness of the epilayer should be chosen at value 
of 20 μm to obtain the best performance DQE of 0.5 around half Nyquist. It is not 
an optimum for the MTF; the simulation results in a continuous decrease of MTF 
with increasing thickness just as expected and as already was seen in 
measurements. 
 
 
The simulations of backthinning show that the best MTF and DQE performance is 
obtained by sensors as thin as possible. The MTF for an epilayer of 20 μm 
decreases to approximately 43% at 1.0 Nyquist at thick substrates 
(approximately > 100 μm), while for backthinned sensors up to 30 μm it 
decreases to 60%. The DQE results for this epilayer are very promising with a 
value around 0.5 for thick substrates. The DQE can be raised to approximately 
0.6 by backthinning the sensor. Backthinning of this sensor to at least 40 μm 
should be applied to obtain a significant improvement, while measurements 
indicate to at least 50 μm. It should be considered what level of backthinning is 
necessary for a further improvement and still provides sufficient support for the 
sensor. The results should be considered carefully because no diffusion has been 
taken into account, which will deteriorate the MTF significantly.  
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7.2.2 Comparison 
 
A comparison has 
been made between 
the measurements 
and simulations for a 
sensor with a 
epilayer thickness of 
15 μm and a non 
backthinned sensor 
thickness of 300 μm 
and a backthinned 
sensor thickness of 
30 μm, as can be 
seen in figure 51.  
 
 
The blue lines and 
green lines should be 
compared to each 
other. The results for 
the MTF differ clearly 
from each other, 
most likely due to 
diffusion of the 
electron hole pairs, 
which is not taken 
into account in the 
simulations.  
 
 
The DQE graphs are 
more comparable to 
each other, but still 
the simulations give 
a higher result. This 
deviation is not 
caused by diffusion, 
because diffusion will 
not worsen the SNRin 
and SNRout ratio as 
was already 
explained in section 
6.4. 
 
 
However, it could be that the influence of the high MTF causes a higher DQE. 
Therefore, maybe the DQE calculations should be revised and improved. The 
measured DQE decreases somewhat at 0.5 Nyquist due to aliasing effects. The 
simulations should be improved with diffusion processes and a revision of the 
DQE calculations to obtain more reliable results, though the simulations already 
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Figure 51: A comparison has been made between the best 
results of the measured data on area G and the 
simulations. The epilayer thickness is established on 15 
µm, the sensor thickness is 300 µm for the non-
backthinned and 30 µm for the backthinned sensor. 



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 69 

seem to give a good insight. Therefore the earlier made statements from the 
simulations seem to maintain and support the measurements. It is plausible that 
the DQE has a maximum for an optimal epilayer thickness of 20 μm and that 
backthinning becomes effective in the range of 40-50 μm. 
 
 

7.3 Comparison CMOS measurements to CCD 
 
Thus an insight into 
the optimal CMOS 
sensor and the 
performance has 
been obtained by 
measurements and 
simulations. 
However, as 
mentioned in the 
introduction the 
purpose of this 
project was to find a 
TEM camera with a 
better resolution on 
low dose images 
than the now used 
CCD cameras.  
 
 
Therefore the 
performance of the 
CMOS detector has 
to be compared to 
the performance of 
the CCD camera. The 
data of the Eagle 
CCD camera has 
been used for this 
purpose and is 
compared in figure 
52 the results of the 
best performing 
areas of the CMOS 
detector.  
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Figure 52: A comparison has been made between the best 
results of the measured data on a CMOS detector; area G 
(15 µm epilayer, TEMAPS 1.0) and H1 (5 µm epilayer, 
TEMAPS 1.1) and the CCD detector.  



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 70 

The improvement on both the MTF and the DQE is significantly. The MTF is 
improved with an average factor from 1.73 up to 3.56, while the DQE is improved 
with an average factor from 2.12 up to 3.89. These improvement factors are 
already reached with a test version of the CMOS version and will increase when 
the optimal design is used.  
 
 

7.4 More research areas 
 
The performance parameters are investigated to get an insight into the best 
performing configuration of a CMOS detector. The performance parameters are 
very promising for low dose imaging applications. Although, other factors should 
also be studied before application of CMOS detectors in TEM could be done. The 
measurements for example were done on a sensor of 1280 x 1280 pixels, while 
this should be 4000 x 4000 for real applications. This upscaling of the sensor 
means other sensor dimensions; from 1.80 x 1.80 cm to 5.60 x 5.60 cm. The 
challenge is to support such a relatively large and thin (40/50 μm) sensor. The 
improvement of backthinning versus strength should be considered therefore. The 
sensor could be supported with the attachment of a carbon layer, though this 
carbon layer will probably cause some backscattering again.  
 
 
Furthermore improvements on the electronics, software and housing of the 
detector should be done. Only test versions were available yet, which still have to 
be further developed. The electronics should be more compact so it can be 
positioned within the housing of the detector. The detector housing should be 
developed for a retractable camera system, so another (CCD) camera can be 
used for high dose applications. Finally more customer friendly and reliable 
software should be developed. However, these factors were out of the scope of 
this project. 
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Chapter 8  

 

8 Conclusion 
 
The definition of the problem as was stated in the introduction of this report was 
the low resolution of the used CCD detectors on low dose imaging for lifescience 
applications within the electron microscopy field. A proposed solution could be the 
development of a CMOS detector. However, no insight was available yet about 
the influence of the pixel configuration, the thickness of the epilayer or the total 
thickness to the detector performance of the CMOS sensor. Knowledge about 
these factors was needed to be able to define a CMOS sensor for low dose TEM 
applications.  
 
 
A first study has been made by measuring some test sensors developed by the 
Rutherford Appleton Laberaroty (RAL) and by applying simulations to investigate 
the behavior of the sensors. This has resulted to an insight into the optimal pixel 
configuration as well as the thicknesses of the epilayer and the substrate. The 
detector performance of the CMOS detector, expressed in terms of the detective 
quantum efficiency (DQE), was found to be already 4 times the performance of 
the present CCD detector. This is a very promising result considering the fact that 
the performance of the CMOS detector could further be improved by optimizing 
the configuration. 
 
 
The expected disadvantage of the application of a CMOS detector would be the 
radiation hardness factor. However, exposures of 550 Mega electrons per pixel 
were already obtained, which means an approximated lifetime of 15-18 years. 
This could further be increased by covering the integrated electronics on the 
sensor and by cooling the sensor with a Peltier element. Furthermore, a damaged 
sensor could be annealed by baking the sensor, which increases the lifetime even 
further. 
 
 
With these results a high resolution CMOS detector for low dose imaging 
application within the electron microscopy field is very promising. Although, other 
factors should also be studied before application of CMOS detectors in TEM could 
be done. The sensor should be upscaled from 1280x1280 pixels up to 4000x4000 
pixels and the support of this relatively large foil should is a challenge. The 
improvement of backthinning versus strength should be considered therefore. 
Furthermore improvements on the electronics, software and housing of the 
detector should be done.  
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Appendix A 
 
The MATLAB script used in the simulations to calculate the DQE and MTF 
Created by Astrid Jacobs 

 
 

% This is the function which calculates the MTF and NPS (gvr).  
% It gives the DQE also as an output, which is MTF/NPS. 
  
% nmax,rmax opgeven 
% n & nmax geven het event nummer aan 
n=0; 
nmax=1000; 
  
% rmax geeft het maximum aantal rijen van de inputdata aan 
rmax=25000; 
  
% Definitie aantal nodige variablen voor programma & startwaarden 
qw=51; 
p=0; 
j=0; 
gs=0; 
var=0; 
gt=zeros(qw); 
go=0; 
r=1; 
Z=zeros(qw); 
q=0; 
  
% Lees file in en sla kolommen op in aparte variablen 
csvread c:\geant4\work\pairs\epi15_sub50.csv; 
k=ans; 
E=k(1:rmax,1); 
xp=k(1:rmax,2); 
yp=k(1:rmax,3); 
% Loop om per event bijdrage van gedetecteerd electron te bepalen 
    for q=1:rmax 
% Lees eventnummer, xp en yp op de goeie regel uit 
        Er=E(r,1); 
        xpr=xp(r); 
        ypr=yp(r); 
 % Loop per eventnummer 
        if isequal (Er,n) 
           v=0.00; 
           u=0.00; 
           p=1; 
           j=1; 
 % Vullen van matrix voor positieve u en v 
           while u<0.03333 
                  v=0; 
                  p=1; 
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                  while v<0.03333 
 % Bereken bijdrage aan intensiteit per electron 
                   Zr=exp(2*pi*i*((u*(xpr/1000))+(v*(ypr/1000)))); 
 % Sla uitgerekende Zr op in het goeie matrixelement 
                   Z(p,j)=(Zr); 
                   v=v+0.0006666; 
                  p=p+1; 
                 end 
                 u=u+0.0006666; 
                 j=j+1; 
           end 
                 r=r+1; 
                 gt=gt+Z; 
 % Bij ander eventnummer, reken bijdrage per event uit, sla op en ga terug  
        else 
            if n<nmax 
            n=n+1 
             gs=gs+gt; 
             s=1; 
             t=1; 
                while s<qw 
                 t=1; 
                     while t<qw 
                     Gvar(s,t)=(abs(gt(s,t)))^2; 
                     t=floor(t+1); 
                     end 
                s=floor(s+1); 
                end 
             var=var+Gvar; 
             gt=zeros(qw); 
          end 
        end 
    end 
% Reken ook de NTF uit (Gvar) en sla op in matrix 
    gs=gs+gt; 
    s=1; 
    t=1; 
       while s<qw 
              t=1; 
              while t<qw 
               Gvar(s,t)=(abs(gt(s,t)))^2; 
               t=floor(t+1); 
              end 
              s=floor(s+1); 
        end 
    var=var+Gvar; 
    gt=zeros(qw); 
  
% Berekening van de mtf in matrix 
   a=1; 
   b=1; 
   while a<qw 
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         b=1; 
         while b<qw 
         mtff(a,b)=abs(gs(a,b)/(gs(1,1))); 
         gss(a,b)=(abs(gs(a,b)/n))^2; 
         b=floor(b+1); 
         end 
         a=floor(a+1); 
   end 
% Berekening van MTF in 1 dimensie via rotational average    
MTF=rotavg(mtff); 
gvr=var/n; 
  
% Berekening van de DQE 
   c=1; 
   d=1; 
   while c<qw 
         d=1; 
         while d<qw 
         QEE(c,d)=abs(gss(c,d)/(gvr(c,d))); 
         QE(c,d)=(mtff(c,d)/sqrt(gvr(c,d)/gvr(1,1))); 
         RQE(c,d)=abs(1/n*gs(c,d))*abs(1/n*gs(c,d))/(1/n*var(c,d)); 
         F=(1/n*var(1,1)-1/n*1/n*gs(1,1)*gs(1,1))/(1/n*1/n*gs(1,1)*gs(1,1))-
1/(1/n*1/n*gs(1,1)*gs(1,1)); 
         TQE(c,d)=1/(1+F+1/(mtff(c,d)*mtff(c,d)*1/(1/n*1/n*gs(1,1)*gs(1,1)))); 
         d=floor(d+1); 
         end 
         c=floor(c+1); 
   end 
% Berekening van DQE in 1 dimensie via rotational average    
qed=rotavg(QE); 
% Sla alles op en einde programma 
save DQE_epi15_sub50 
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Appendix B 
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Appendix C 
TEMAPS 1.0 
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TEMAPS 1.1 
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Appendix D 
 

Script MTF, developed by Gatan and Gerald van Hoften 
 
image edge = getfrontimage()[] 
number width,height,x,y 
getsize(edge,width,height) 
width=2*trunc(width/2) 
height=2*trunc(height/2) 
 
image line = edge 
line = 0 
 
line[0,0,height-1,width] = edge[1,0,height,width] - edge[0,0,height-1,width] 
//showimage(line) 
image lineref = line 
 
// Moving average to blurr the line for noise reduction 
number i,MI 
MI=5  //lines to average 
for (i=0;i<2*MI ;i++) 
{ 
lineref[MI,0,height-MI,width] +=  line[i,0,height+i-2*MI,width]  
} 
 
lineref[MI,0,height-MI,width]/=(MI*2+1) 
//showimage(lineref) 
setname(lineref, "Blurred Fringes :"+MI+" averaged.") 
 
// End ---------------------------------------- 
 
image yloc := realimage("yloc",4,width,1) 
image tot := realimage("tot",4,width,1) 
image locmax := realimage("tot",4,width,1) 
tot=0 
yloc=0 
 
tot[icol,0] += lineref                          //integrate each column of "line" 
lineref=lineref/tot[icol,0]              //normalise "line" per column 
 
number count 
for (count=0; count<=width-1; count++) 
{ 
locmax[count,0] = max(lineref[0,count,height,count+1],x,y)           //maximum of 
each column of "line"    
} 
 
lineref=lineref/locmax[icol,0]        //normalise "line" per column 
 
//showimage(lineref) 
 
line= (lineref>0.2) 
lineref=line*lineref 
 
line= (lineref>0.99) 
//showimage(line) 
//setname(line,"center line.") 
tot=0 
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yloc=0 
tot[icol,0] += line 
yloc[icol,0] += line*irow 
yloc=yloc/tot 
//showimage(yloc) 
 
image yloc_left := realimage("yloc_left",4,width/2,1) 
image yloc_right := realimage("yloc_right",4,width/2,1) 
yloc_left[0,0,1,width/2] = yloc[0,0,1,width/2] 
yloc_right[0,0,1,width/2] = yloc[0,width/2,1,width] 
 
number yloc_zero = ( 3*average(yloc_left) - average(yloc_right) )/2 
number yloc_slope = (average(yloc_right) - average(yloc_left))/width*2 
result("y zero  " + yloc_zero +"\n") 
result("y slope " + yloc_slope +"\n") 
 
//showimage(yloc) 
 
number invcosa = Sqrt(1 + yloc_slope * yloc_slope) 
 
setdisplaytype( yloc , 4) 
 
lineref=lineref * exp(-((irow-yloc[icol,0])/10)**6) 
//showimage(lineref) 
 
tot=0 
yloc=0 
tot[icol,0] += lineref 
yloc[icol,0] += lineref*irow 
yloc=yloc/tot 
//showimage(yloc) 
 
//showimage(yloc) 
yloc = medianfilter(yloc,0,7) 
 
//showimage(yloc) 
 
//line = line //*  exp(-((irow-yloc[icol,0])/10)**6) 
//showimage(line) 
 
// categorisation ******************************* 
number inflation = 4 
number pixelshift = -1/inflation/2 
image phase = realimage("phase",4,width,1) 
//phase = trunc(inflation*mod(yloc-1/inflation/2,1)) 
phase = trunc(inflation*mod(yloc+pixelshift,1)) 
showimage(phase) 
 
// inflation of esf 
image inflatedesf = realimage("inflatedesf",4,inflation,height) 
inflatedesf = 0 
image inflatedweight = realimage("inflatedweight",4,inflation,height) 
inflatedweight = 0 
/* 
inflatedesf[phase[icol,0],(height/2+irow-trunc(yloc[icol,0]-1/inflation/2))] += edge 
 
inflatedweight[\ 
                 phase[icol,0],\ 
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                 (height/2+irow-trunc(yloc[icol,0]-1/inflation/2))    \ 
              ] += edge*0+1 
 
*/ 
 
inflatedesf[phase[icol,0],(height/2+irow-trunc(yloc[icol,0]+pixelshift))] += edge 
 
inflatedweight[\ 
                 phase[icol,0],\ 
                 (height/2+irow-trunc(yloc[icol,0]+pixelshift))    \ 
              ] += edge*0+1 
 
inflatedesf = inflatedesf/inflatedweight 
//showimage(inflatedesf) 
//showimage(inflatedweight) 
 
// mask ends 
 
//number masklength = abs(average(yloc) - height/2) + 2 
 
//inflatedesf[0,0,masklength,inflation] = 0 
//inflatedesf[height-masklength,0,height,inflation] = 1 
//showimage(inflatedesf) 
 
// unfold 
 
image unfoldedesf := realimage("unfolded esf", 4, height*inflation, 1) 
fliphorizontal(inflatedesf) 
unfoldedesf[icol+inflation*irow,0] = inflatedesf 
showimage(unfoldedesf)                                            //<--------- 
 
number height_2n = 0 
height_2n = exp2(trunc(log2(height*inflation))) 
 
image unfoldedlsf := realimage("unfolded lsf", 4, height_2n, 1) 
 
/* correction for tilted edge. Less then 7 deg = <1% error. 
This was not tested  
number count_0 
realnumber DIFF 
realnumber ESF_NEXT 
realnumber ESF 
for (count=0; count<=height_2n-1; count++) 
{ 
count_0 = trunc(invcosa*count) 
DIFF = invcosa*count - count_0 
ESF = Getpixel(unfoldedesf,count_0,0) 
ESF_NEXT=Getpixel(unfoldedesf,count_0+1,0) 
unfoldedlsf[count,0] = ESF + (ESF_NEXT-ESF)/DIFF 
Result(count +", "+count_0+", "+DIFF+", "+(ESF_NEXT-ESF)/DIFF +"\n") 
} 
*/ 
 
number height_shift 
height_shift = (height * inflation - height_2n)/2 
height_shift = trunc(invcosa*height_shift) 
for (count=0; count<=height_2n-1; count++) 
{ 
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unfoldedlsf[count,0] = unfoldedesf[count + height_shift,0] - unfoldedesf[count + 
height_shift - 1,0] 
} 
 
//showimage(unfoldedlsf)                                          
 
number maxx, maxy 
//result(max(unfoldedlsf, maxx, maxy)+"\n") 
 
// mask ends 
number masklength = height_2n/4 
image lsfmask := realimage("lsf mask", 4, height_2n, 1) 
lsfmask[0,(height_2n-masklength)/2,1,(height_2n+masklength)/2]=1 
unfoldedlsf *= lsfmask 
// code 
//showimage(unfoldedlsf)     
 
realnumber normdistribution(realnumber x, realnumber m, realnumber s) 
{ 
 return  1.0*(1/sqrt(2*pi()))*exp(-((x-m)*(x-m)/(2*s*s))) 
} 
//global variables for DoubleGaussian initial values for fit 
number m0 = 0 //full width 
number m = 0 //set in fit function sub area 
number sl = 40 
number pl = 0.001  
number ss = 8 
number ps = 0.03 
 
number dsl = 1 
number dpl = 0.001 
number dss = 0.1 
number dps = 0.005 
number dm = 0.5 
 
image DoubleGaussian(image source) 
{ 
number width,height  
getsize(source,width,height) 
image gaussian_longrange = realimage("gs_l",4,width,1) 
image gaussian_shortrange = realimage("gs_s",4,width,1) 
 
number count 
for (count=0; count<=width-1; count++) 
{ 
Gaussian_longrange[count,0] = normdistribution(count,m,sl) 
Gaussian_shortrange[count,0] = normdistribution(count,m,ss) 
} 
 
Gaussian_longrange*=pl 
Gaussian_shortrange*=ps 
 
return Gaussian_longrange + Gaussian_shortrange 
} 
 
image DoubleGaussianFit(image source) 
{  
number width,height  



 
 
FEI Company, Tools for Nanotech  Confidential 

A.C. Jacobs, TU/e 85 

getsize(source,width,height) 
image gaussian_longrange = realimage("gs_l",4,width,1) 
image gaussian_shortrange = realimage("gs_s",4,width,1) 
image out = source 
image out2 = source 
Showimage(out2)                                            //<--------- 
While(GetKey()!=32) {} 
 
m = width/2 
 
number key = 0 
while(key!=32) 
{ 
 
number count 
for (count=0; count<=width-1; count++) 
{ 
Gaussian_longrange[count,0] = normdistribution(count,m,sl) 
Gaussian_shortrange[count,0] = normdistribution(count,m,ss) 
} 
 
Gaussian_longrange*=pl 
Gaussian_shortrange*=ps 
 
out = Gaussian_longrange + Gaussian_shortrange 
//Showimage(out) 
 
out2 = source - out 
Showimage(out2)                                            //<--------- 
key = GetKey() 
 
if(key == 114)  pl += dpl 
if(key == 118)  pl -= dpl 
if(key == 103)  sl += dsl 
if(key == 100)  sl -= dsl 
 
if(key == 117)  ps += dps 
if(key == 109)  ps -= dps 
if(key == 107)  ss += dss 
if(key == 104)  ss -= dss 
 
if(key == 82)   pl += dpl*5 
if(key == 86)   pl -= dpl*5 
if(key == 71)   sl += dsl*5 
if(key == 68)   sl -= dsl*5 
 
if(key == 85)   ps += dps*5 
if(key == 77)   ps -= dps*5 
if(key == 75)   ss += dss*5 
if(key == 72)   ss -= dss*5 
 
if(key == 110) m += dm 
if(key == 98 ) m -= dm 
 
if (key >32) 
{ 
result("***********************\n") 
result("m = "+m +"\n") 
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result("sl = "+sl+"\n") 
result("pl = "+pl+"\n") 
result("ss = "+ss+"\n") 
result("ps = "+ps+"\n") 
result("-----------------------\n") 
} 
}//Fit completed 
return out 
} 
 
image FullDoubleGaussianFit(image source_) 
{ 
number width,height  
getsize(source_,width,height) 
image source = Realimage("fitwindow",4,128,1) 
max(source_,m0,height) 
source=source_[0,m0-64,1,m0+64] 
 
image out = DoubleGaussianFit(source) 
Setname(out,"DoubleGaussianFit Sub") 
Showimage(out)                                            //<--------- 
 
m=m0+m-64 
image out_ = DoubleGaussian(source_) 
Setname(out_,"DoubleGaussianFit Full") 
 
image out2_= source_ - out_ 
 
out2_ = medianfilter(out2_,0,10) 
Setname(out2_,"filtered") 
//Showimage(out2_) 
Source_=out2_+out_ 
//Setname(source_,"Gaussian filtered lsf") 
//Showimage(source_)                                            //<--------- 
return source_ 
} 
 
image DoubleGaussianPoint(image source) 
{ 
number width,height  
getsize(source,width,height) 
image gaussian_longrange = realimage("gs_l",4,width,1) 
image gaussian_shortrange = realimage("gs_s",4,width,1) 
 
number count 
for (count=0; count<=width-1; count++) 
{ 
Gaussian_longrange[count,0] = normdistribution(count,m,sl) 
Gaussian_shortrange[count,0] = normdistribution(count,m,ss) 
} 
 
Gaussian_longrange*=pl/sl/sqrt(pi()) 
Gaussian_shortrange*=ps/ss/sqrt(pi()) 
 
return Gaussian_longrange + Gaussian_shortrange 
} 
 
//Setname(unfoldedlsf,"unfiltered lsf") 
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Showimage(unfoldedlsf)                                            //<--------- 
 
//unfoldedlsf = FullDoubleGaussianFit(unfoldedlsf) 
//unfoldedlsf /= sum(unfoldedlsf) do not normalise. Long range MTF exists 
 
image mtfbig0 = modulus(RealFFt(unfoldedlsf)) 
image mtfbig= mtfbig0[0,height_2n/2,1,height_2n/2+height_2n/inflation/2*1.2] 
 
mtfbig = medianfilter(mtfbig,0,20) 
setname(mtfbig, "MTF") 
ShowImage(mtfbig)                                            //<--------- 
 
getsize(mtfbig,width,height) 
number datalength = 64 
number binfact = trunc(width/datalength) 
 
image mtfcomp = realimage("mtf", 4, datalength*binfact, binfact) 
mtfcomp = exprsize( datalength*binfact , binfact , mtfbig[icol,0] ) 
 
While(binfact>1) 
{ 
reduce(mtfcomp) 
binfact=binfact/2 
} 
setname(mtfcomp, "MTF 64p") 
Showimage(mtfcomp)                                            //<--------- 
 
exit(0) 
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Appendix E 
 
Dose dependency 
Measurements for the MTF have been accomplished by varying dose of the 
electron beam exposed to the sensor in order to determine the dependency of 
the MTF on the dose. The MTF have been determined on the G area of a 
TEMAPS 1.0 non-backthinned sensor (substrate 300 μm) supporting a thick 
epilayer (15 μm). The stability of the MTF is determined via this method, 
because the MTF should not be dependent of the dose exposed at the origin of 
the sample. The MTF for the several doses is almost equal to each other, 
though deviates only in the high frequency regions from each other. However 
these deviations will probably be caused due to extra noise ocntributions 
during the measurements. The MTF is assumed to be dose independent from 
now on and the other MTF measurements are all determined at a dose of 1.54 
electrons per pixel. 

 
 
Back or front illumination 
Finally a test has been done by back illuminating the TEMAPS 1.0 sensor, 
which could reduces the radiation damage because the sensitive layer with the 
diodes is not directly exposed to the electron beam. However graph 5 shows 
that the MTF of a back illuminated sensor decreases very fast and after the 
signal is not passed through anymore for frequencies above 0.2.  

Dose dependency measurement for a non-backthinned sensor 
with thick epilayer 
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Comparison of illumination of a G area on a thin epilayer and a 
backthinned substrate of 100 μm
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This was examined for a future CMOS camera, where the packaging process of a 
backthinned sensor was thought to be simpler when the sensor could be used 
upside down (back illumination). However, back illumination worsens the MTF 
considerably and this option failed. 

 


	voorkant
	Abstract
	Verslag5

